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Summary 
Upconversion nanoparticles (UCNs), excited by NIR light and emit UV-visible light, 
have attracted a lot of interest in bioimaging, biodetection, bioencoding and 
therapeutic applications due to its advantages over conventional fluorescent 
techniques. It offers superior photostability, chemical stability, minimized 
autofluorescence background, reduced damage to cells and tissues and high 
penetration depth. Despite being the most efficient nanocrystal matrix for 
upconversion, Yb,Er codoped NaYF4 upconversion nanocrystals still suffer from 
some problems that limit their applications. These problems include inflexible tuning 
of fluorescence emission spectra and limited emission colors. In this thesis, two 
methods had been explored to tune the emission of UCNs. The first one was doping 
Li and K ions into the nanocrystals to gradually adjust the emitters’ distance. It was 
found that phase transition occurs in the nanocrystals with different amounts of 
dopants and the intensity ratios between the blue, green and red emission peaks 
change accordingly. The second method was to fabricate core-shell-shell structure 
with a middle NaYbF4 layer that serves as a reservoir for accumulating energy that 
can be efficiently transferred to both the inner and outer layer. Additionally, the core-
shell-shell structure also allows different ions to be doped in different layers, thus 
allowing multicolor emission to be obtained according to the RGB color model. 
Continuous cell imaging with the synthesized UCNs was used to monitor cell Her2 
surface marker on SKBR3 cells for 6 hours. To view different surface receptors on a 
single SKBR3 cell, two types of multicolor UCNs attached to antibody were used to 
stain two surface receptors individually. Later on, α-tubulin on 3T3 cells was 
selectively stained with the multi-color UCNs together with staining two types of 
surface receptors. These results showed that multi-color UCNs hold great potential for 
cell imaging. 
vi 
List of Figures 
Figure 1-1. Simplified Jablonski diagram. ..................................................................... 3 
Figure 1-2. Upconversion processes.. ............................................................................ 9 
Figure 1-3.Principal UC processes for lanthanide-doped crystals .............................. 13 
Figure 1-4. Structure of hexagonal and cubic phase NaYF4 crystal. ........................... 16 
Figure 1-5. Crystal growth directions in hexagonal NaYF4 nanocrystal. .................... 18 
Figure 1-6. Molecular detection and sensing via FRET. ............................................. 20 
Figure 1-7. Methods of intracellular molecule detection with UCNs. ......................... 21 
Figure 1-8. Intracellular molecule detection results. ................................................... 21 
Figure 1-9. In vivo imaging of nanoparticle-loaded cells transplanted in mouse limb 
muscle.. ........................................................................................................................ 22 
Figure 1-10. UCNs induced PDT effect on MB49-PSA cells ..................................... 23 
Figure 3-1. Possible changes in the NaYF4 crystal lattice after alkali doping ............. 33 
Figure 3-2. TEM images and XRD patterns of Na0.8Li0.2YF4:Yb,Er. .......................... 34 
Figure 3-3. TEM images and XRD patterns of Na(1-x)LixYF4:Yb,Er, x=40, 60 %. ..... 36 
Figure 3-4. TEM images and XRD patterns of Na(1-x)LixYF4:Yb,Er, x=70, 80 %. ..... 37 
Figure 3-5. Upconversion fluorescence spectra of Na(1-x)LixYF4: Yb,Er .................... 38 
Figure 3-6. TEM images and XRD patterns of Na(1-x)KxYF4:Yb,Er ........................... 39 
Figure 3-7. TEM image, XRD and diffraction pattern of Na0.2K0.8YF4:Yb,Er 
nanocrystals. Scheme of one octant of cubic unit cell of K2NaYF6 ............................ 40 
Figure 3-8. Upconversion fluorescence spectra of Na(1-x)KxYF4:Yb,Er nanocrystals . 42 
Figure 3-9. Change of crystal morphology with alkaline dopant ions amount............43 
Figure 4-1. Schematic illustration of the formation of CSS ABA structure ................ 49 
Figure 4-2. TEM images and particle size of core, core-shell and core-shell-shell 
UCNs............................................................................................................................ 50 
vii 
Figure 4-3. XPS spectra of core, core-shell and core-shell-shell UCNs ...................... 51 
Figure 4-4. XRD spectra of UCNs during core-shell-shell formation ......................... 52 
Figure 4-5. Emission spectra of UCNs with various amount of Yb, Er and Tm 
dopants.  ....................................................................................................................... 54 
Figure 4-6. Optical images and spectra of multicolor emission UCNs ....................... 56 
Figure 4-7. Fluorescence spectra of the core, core-shell and core-shell-shell UCN .... 57 
Figure 4-8. Emission spectra of UCNs with various amount of dopants..................... 58 
Figure 4-9. UC emission of UCNs with different shell coating .................................. 59 
Figure 4-10. Emission spectra of UCNs with same matrix core-shell UCNs. ............. 60 
Figure 4-11. Spectra comparison between different CSS UCNs ................................. 62 
Figure 5-1. Silica coating via cross-linking reaction of TEOS. ................................... 67 
Figure 5-2. Silanes for UCNs surface modification and functionalization .................. 67 
Figure 5-3. Functionalization of UCNs core with amino group .................................. 68 
Figure 5-4. TEM image and spectrum of amino group functionalized UCNs. ............ 69 
Figure 5-5.  Cross-link reaction with the aid of NHS-EDC  ........................................ 70 
Figure 5-6. Cell viability and confocal images incubated with UCNs. ....................... 72 
Figure 5-7. Multiple staining cell surface receptors multicolor UCNs ........................ 73 
Figure 5-8. Confocal image of SKBR3 and MCF7 cells labeled with UCNs. ............ 75 
Figure 5-9. Confocal imaging of 3T3 cells.. ................................................................ 76 
Figure 5-10. Confocal images of SKBR3 cells. ........................................................... 77 




List of Tables 
Table 1. Host matrixes for upconversion. .................................................................... 15 
Table 2. Distribution of nanoparticles with different size in the body. ....................... 24 
Table 3. Ionic Size of Elements. .................................................................................. 32 
1 
Chapter 1. Literature Review 
 
1.1 Introduction 
In biomedical research and practice, the targets (such as cancer cells, diseased tissue 
or the drug injected in the body) need to be allocated or tracked. Usually an organism 
lacks sensitive detectable signals, thus biological labeling agent should be introduced 
into the system for effective detection. It is essential to find out a suitable biological 
labeling agent to monitor pathological changes or observe the treatment. Concerning 
that it will be circulated in the body, a suitable biological labeling agent should meet 
requirements including biocompatibility, high signal intensity, ease of cellular uptake, 
healthy clearance pathway. When the research goes into micro or nano scale, 
requirements for the labeling agent are even more and harsher. For example, in 
biomedical assays to detect biomolecules such as polypeptides, proteins and nucleic 
acids, the labeling agent used here could not only generate strong signals to 
distinguish one target from another, but also it should not denature the biomolecules.  
1.1.1 Progression of biological labeling  
Exploiting exogenous labels for biological analysis was first introduced by American 
scientists Yalow and Berson in the form of radioimmunoassay (RIA).
1
 Although RIA 
has advantages such as high sensitivity (10
−9–10−12) and wide application, a number 
of drawbacks limit its applications, for example radioactivity and inherently short 
lifetime. Moreover, hazards of preparing and handling the radioactive antigen are 
harmful for the operators. Therefore, more compatible methods are required for 
biomedical research.  
2 
Later on, gold nanoparticles (GNps) were widely used as bio-labels due to their 
unique native colors. GNps also possess other unique optical properties, such as 
strong absorption, scattering and plasmonic resonance, which make them suitable for 
various photo-acoustic imaging techniques. The most well known application of 
GNps is their use in Lateral Flow Test Kit, for example, urine pregnancy test strip. 
The result was revealed by GNps native color, which can be distinguished with naked 
eyes without aid of instruments only. It was shown that GNps provide very high 
spatial resolution and specificity in labeling application.
2
 However, GNps are not 
suitable for samples with intrinsic color (blood for example). 
Amongst various nonradioactive labeling techniques, fluorescent labeling agent was 
found to be the most prosperous one. Fluorescence techniques produce fast, sensitive, 
reliable and reproducible signal. Such features make fluorescence technique well 
suited to monitor the target biomolecules and investigate the interaction of 
biomolecules with one another by attaching fluorophores. It is essential to find 
suitable labels for fluorescence technique. The fluorophore properties can affect 
several aspects of detection, such as the detection limit, the dynamic range of the test, 
the reliability of the readout for a particular target or event, the capability of parallel 
detection of different targets, and the suitability for multiplexing, and so forth. 
Thereafter, fluorescent technique is widely used in biological research and clinical 
diagnosis due to its high resolution and sensitivity.  
1.1.2 Fluorescence 
Fluorescence occurs when a fluorophore absorbs particular light of particular 
wavelength and then re-emits photons after relaxation in the form of heat. The 
wavelength of fluorescence depends on the energy difference between the excited 
3 
state and the ground state of electronic energy level. Fluorescence can be 
schematically illustrated with the classical Jablonski diagram as shown in Fig. 1-1, 
first proposed by Professor Alexander Jablonski in 1935 to describe absorption and 
emission of light. Prior to excitation, the electronic configuration of the molecule is 
described as being in the ground state. Upon absorbing a photon of excitation light, 
usually of short wavelengths, electrons may be raised to a higher-energy and 
vibrational excited state, a process that may only take a quadrillionth of a second (a 
time period commonly referred to as a femtosecond, 10
-15
 seconds). Fluorescence 
lifetime is typically four orders of magnitude slower than vibrational relaxation, so 
that the molecules take sufficient time to lose part of their excitation energy to achieve 
thermal equilibrium prior to fluorescence emission. The difference between the peak 
excitation and emission wavelengths of a fluorescent species is defined as Stoke shift.  
  
Figure 1-1. Simplified Jablonski diagram. In process of fluorescence, after the fluorophore is 
excited by quanta of specific energy, its electrons are excited from the ground state to a higher 
energy singlet state (S1, S2). Subsequently, the electron loses a part of its energy generally 
through non-radiative energy decay and results a lower energy photon emitted. 
 
All fluorescence parameters and their changes, such as fluorescence intensity, 
emission spectrum, excitation spectrum, and fluorescence lifetime, can be used to 
encode what is happening in the region near the monitoring molecule and decide the 
4 
changes in biomolecules. Information on the changes within the targets’ molecular 
environment can thus be derived from their fluorescence signals and their exact 
locations can be monitored with the aid of fluorescence microscopy. Thus, fluorescent 
materials have enormous potential to be widely applied in biological and medical 
research field. Firstly, the path of biomolecules could be tracked over time by labeling 
with fluorescent labels. Secondly, the interaction between two biomolecules could be 
monitored by labeling both the prey and the bait. Specially, the biomolecular 
interaction could also be observed from the fluorescence resonance energy transfer 
(FRET) by labeling with two different types of fluorophore in which one’s excitation 
wavelength matches the other’s emission. Thirdly, the activities of light sensitive 
biomolecules could be monitored via observing the fluorescence change of the 
fluorophores attached on them. Last but not least, environmentally sensitive 
fluorophores can be used as molecular reporters and the change of environment 
around the molecule could be monitored by viewing the fluorescence labels.  
A suitable fluorescent label to be used for biological studies should fulfill several 
requirements.
3
 First of all, excitation source should be conveniently available and the 
emissions are easy to be detected. Under the same condition for excitation and 
detection, the biological targets should not generate signals. Secondly, it should have 
high fluorescence efficiency, which means high molar absorption coefficient and 
bright emission.
4
 Thirdly, it should be compatible for the assay environment, for 
example, soluble in assay buffers or body fluid, easy to be functionalized for bio-
conjugation. Fourthly, it should be sufficiently stable under assay conditions with 
reproducible signals and steady results. Depending on purpose of the applications, 
additional important properties should be considered, including ease of uptake by 
cells, potential toxicity, steric effects, compatibility for signal-amplification strategies, 
5 
and suitability for multiplexing. With these considerations, several types of 
fluorphores meet the above requirements and have been used in biomedical study. 
These fluorphores can be classified into two categories, down-conversion and 
upconversion fluorescent materials. Down-conversion fluorescent materials absorb 
short wavelength excitation and emit long wavelength light. In contrast, upconversion 
fluorescent materials generate fluorescence in an opposite way. They convert low 
energy long wavelength light into high energy light. In the following part, I will 
describe these materials in detail.  
1.2 Down-conversion fluorescent materials 
Typically, down-conversion fluorescent materials used in biomedical studies include 
organic dye, green fluorescent protein (GFP) and quantum dots (QDs). 
1.2.1 Organic dyes 
Organic dyes are amongst the earliest types of classical fluorescent materials used in 
biology. They are widely used in biological studies due to low cost and ease of use. 
Several widely used categories include fluoresceins, rhodamines, Cyanine dyes, and 
Alexa dyes. The emission of organic dyes typically originates either from an optical 
transition delocalized over the whole chromophore or from intramolecular charge 
transfer transitions.
5
 Their absorption and emission are always close in mirror 
symmetry. The short Stokes shift handicaps their usage. Although the use of different 
bandwidth filter could solve this problem, it is still challenging to apply the organic 
dyes for multiplex labeling due to the overlap of the adsorption and emission spectra 
between different dyes. Organic dyes pose other challenges like decomposition under 
repeated excitation and susceptible photo-bleaching. The organic dyes have been used 
6 
in combination with other fluorescent materials or as auxiliary tools. For example, 
they were doped in silica nanoparticles to recognize HepG liver cancer cells.
6
  
1.2.2 Fluorescent proteins 
Fluorescent protein is a type of structurally homologous protein. The fluorescence of 
fluorescent protein is derived from visible wavelength chromophores formed by a 
sequence of three amino acids within their own polypeptide sequence. Fluorescent 
proteins can be cloned with cell proliferation and it can serve to reveal where a 
particular protein is expressed and to monitor protein-protein interactions. Thus, the 
advantage of imaging cells with fluorescent proteins is that fixation or 
permeabilization is not required. It is especially suitable for gene expression at single 
cell level. The reproducibility in cell also causes problems such as uncontrollable 
signal amplification, nonlinearity of fluorescent signals.
7
 Fluorescent proteins can be 
engineered by molecular cloning methods by fusing the fluorophore moiety to a wide 
variety of protein and enzyme targets. Subsequently, the fluorescent proteins 
containing the gene product can be encoded in to living cells. The cellular activities 
and dynamic events of the encoded cells can be visualized using fluorescence 
microscopy.  
A broad range of fluorescent protein genetic variants have been developed. Their 
emission spectra spanned almost the entire visible light spectrum from blue to red. 
The first type of fluorescent protein, also the most popular type, is green fluorescent 
protein (GFP). It was originally isolated from the light-emitting organ of the jellyfish 
Aequorea victoria by Shimomura et al. in 1962.
8
 GFPs have been used in the 
applications such as protein tagging, gene expression monitoring and biological 
screening. Xavier Morin and colleagues
9
 used a protein trap strategy to detect GFP-
7 
tagged proteins expressed from their endogenous loci in Drosophila; CGM Wilson
10
 
used GFP-fragment reassembly as probes to monitor protein-protein interactions. DL 
Sheridan
11
 developed biosensors based on GFP-fusion proteins as powerful tools for 
observing real-time events within living cells. As GFP fluorescence can recover when 
the radiation is stopped, FRAP (fluorescence recovery after photobleaching) was 
developed to study diffusion and binding event of proteins. Melissa K. Gardner
12
 




1.2.3 Quantum dots 
Quantum dots (QD) are inorganic semiconductor nanoparticles composed of group II-
VI or III-V elements. Usually, QDs are in a diameter ranging from 2~10 nm 
composed about 10~50 atoms. Due to quantum confinement effect derived from the 
small size, electron-hole pairs are generated under light radiation and upon the pair 
recombination fluorescence light is emitted. QD’s emission is size dependent due to 
size quantum effects. The smaller particles generate more blue-shifted fluorescence.
13
 
The emission can be easily tuned from visible to infrared by just changing size of the 
nanoparticles.
14
 All the QDs with different sizes and components can be excited under 
a single wavelength. QDs hold advantageous properties over organic dyes, including 
chemical stability, resistant of photo bleaching and availability of a series of emission 
colors. Similar to organic dye, autofluorescence from the sample decreases the signal-
to-noise ratio when imaging with QD. 
QD have been explored in various biological applications, including imaging, 
molecular detection and sensing.
15
 For example, Yang reported a QDs based quick 




Hiroshi developed an in vivo imaging system to view adipose tissue-derived stem 
cells transduced with QDs using the octa-arginine peptide (R8) cell-penetrating 
peptide.
17
 Zhong L reported a method for detecting the specific marker of CD3 




1.2.4 Limitations of down-conversion fluorescent materials 
The down-conversion fluorescent materias are excited by UV or visible light. 
Biological endogenous samples such as collagens and porphyrins show strong 
fluorescence upon exposed to these excitation.
19
 Autofluorescence is a common 
problem of fluorophores that are excited by short wavelength light, which decreases 
the signal-to-noise ratio and thus decreases the detection sensitivity. Moreover, UV 
radiation causes damages to living tissue which may cause cancer or other side effects. 
This hinders their application in in vivo study. Therefore, it is necessary to find 
alternatives for live cell/tissue imaging. Researchers put numerous efforts in searching 
alternatives for down-conversion fluorescent materials. Fluorescent upconversion 
nanoparticles (UCNs), excited with longer wavelength light and emit shorter 
wavelength light, met the above requirements and were developed to act as potential 
substitution for down-conversion fluorescent materials. UCNs give rise to minimal 
autofluorescence because of lack of efficient endogenous absorbers in the NIR 
spectral range. Photodamage to cells and tissues is also greatly reduced and 
penetration depths are increased by several orders of magnitudes.  
9 
1.3 Upconversion nanoparticles (UCNs) 
Upconversion is an anti-Stokes phenomenon. In upconversion process, the material 
emits short wavelength light which has high energy after absorbing low energy long 
wavelength photons through a multiphoton process. Upconversion is a nonlinear 
optical process by absorption of two or more pump photons followed by the emission 
of the output irradiation at a shorter wavelength than the pump wavelength. The 
unique anti-Stokes property makes UCNs especially suitable for use as biological 
labels since longer wavelength lights penetrate deeper into tissue. Besides, UCNs 
holds other merits for use as biological labels. Compared to organic dyes and 
fluorescent proteins, UCNs are more resistant to photobleaching. The emission color 
of upconversion materials depends on the rare earth elements (including lanthanides, 
Sc and Y) doped in the inorganic nanoparticles. The unique closely spaced 4f energy 
levels of rare earth elements bestow UCNs narrow emission bandwidths. Thus, the 
optical stability is better than down-conversion fluorescent materials. The detailed 
mechanism of upconversion will be discussed later in the following part of this 
chapter. 
1.3.1 Upconversion of light 
1.3.1.1 Two photon absorption 
Two-photon absorption (TPA) is a nonlinear process involving the absorption of two 
photons whose combined energy is sufficient to induce a molecular transition to an 
excited electronic state. There need not be an intermediate state for the atom to reach 
before arriving at the final excited state, but it requires the two photons absorbed 
almost simultaneously (within less than a nanosecond). Therefore, the efficiency is 
low unless high excitation density is used. 
10 
1.3.1.2 Mechanism of upconversion 
Different from TPA, upconversion process does not require simultaneous absorption 
of photons. UC involves sequential absorption of multi-photons and energy transfer 
via realistic intermediate long-lived energy states. The fluorescence of lanthanide 
doped inorganic nanoparticles is characterized by long fluorescence lifetime (up to 
several milliseconds),
20
 which is much longer than TPA. Commercial continuous 
wave (CW) laser can be used and its efficiency is much higher than TPA. The 











required for TPA.  
Upconversion phenomenon had been observed in transition metal, lanthanide, and 
actinide ions, though the highest efficiencies were found in lanthanide-doped 
materials.
21
 The unique fluorescent properties of lanthanide ions are mainly due to 





have relatively large energy gaps to minimize non-radiative transitions among 
various excited levels of the ions. And Yb
3+ 
possesses an extremely simple energy 




F5/2 has a larger absorption cross-










 as the activators and Yb
3+
 as sensitizer. 
11 
    






 ions. The 
dashed-dotted, dashed, dotted, and full arrows represent photon excitation, energy transfer, 
multiphonon relaxation, and emission processes, respectively. Only visible and NIR 




The mechanism of upconversion for the Yb, Er or Yb, Tm ions co-doped nanocrystals 
had been extensively studied.
23
 The upconversion process is completed by 
cooperation of the absorber ions (such as Yb) and emitter ions (such as Er). The 
absorber Yb ions absorb NIR light, and then through lattice vibrations of the 
nanocrystalline matrix, the energy transfers to the emitter Er or Tm ions due to the 
energy overlap of the transition dipoles of the two elements.
22
 Due to the complex 
energy level configuration of Er and Tm, the energy relaxes to different energy levels 
before it is released to ground state. Subsequently, wide span emissions ranging from 
UV, visible to NIR, corresponding to different energy levels, are generated when the 
energy is released to ground state. High intensity fluorescence is only obtained with 
dopants ions concentration in a certain range to avoid deleterious cross-relaxation.  
12 
There are three mechanisms to generate upconversion including excited state 
absorption (ESA), energy transfer upconversion (ETU), and photon avalanche (PA) 
(Fig. 1-3).
23
 ESA (Fig. 1-3a) happens in a single ion after it successively absorbs 
pump photons. After resonant excitation energy is absorbed, photons on ground level 
G are excited to metastable level E1. Photons on E1 absorb a second pump photon 
and promote the ion from E1 to higher level state E2. UC emission generates when 
photons on E2 falls down to G. Different from ESA, ETU is completed between two 
neighboring ions. In an ETU process, each of two neighboring ions can absorb a 
pump phonon of the same energy and then populating to metastable level E1 (Fig. 1-
3b). A non-radiative energy transfer process promotes one of the ions to E2 while the 
other ion relaxes back to ground state G. UC efficiency of an ETU process depends on 
dopant concentration as it determines the average distance between the neighboring 
dopant ions. The phenomenon of photon avalanche (PA) was first explored by 
Chivian and co-workers in Pr
3+
-based infrared quantum counters.
24
 PA-induced UC 
requires pump intensity above a certain threshold value. Photons on the ground state 
are firstly populated to intermediate level E1 by non-resonant weak ground state 
absorption, followed by resonant excited state absorption to populate upper level E2 
(Fig. 1-3c). After the metastable level population is established, both ions occupy the 
intermediate level E1 as a result of cross-relaxation energy transfer or ion pair 
relaxation. The two ions can populate level E2 in a same manner by excited state 
absorption. The exponential increased level E2 population can produce strong UC 
emission as an avalanche process.  
Among the three, ESA is the least efficient UC process. Even though PA is an 
avalanche process, UC efficiency is very low because of cross-relaxation processes 
and it relies on numerous looping cycles of ESA. In contrast, ETU is instant and 
13 
pump power independent. It is reported that it generated two orders of magnitude 




Figure 1-3.Principal UC processes for lanthanide-doped crystals: (a) excited state absorption, 
(b) energy transfer upconversion, (c) photon avalanche. The dashed-dotted, dashed, and full 
arrows represent photon excitation, energy transfer, and emission processes, respectively. 
 
1.3.2 Development of UCNs synthesis method 
Upconversion process relies on energy transfer between absorber and emitter within a 
close proximity. It is essential to choose a proper matrix to hold the absorber and 
emitters within a proper distance to generate strong fluorescence. The primary 
requirement for host materials is close lattice matches to dopant ions. In order to get 
high upconversion efficiency, the host materials with lower lattice photon energy are 
preferred because they can minimize non-radiative loss and maximize the irradiative 
emission. Moreover, the excited-state dynamics of the rare earth ions and their 
interactions with the host matrix are main factors that affecting the fluorescent 
efficiency of upconversion nanoparticles.
25, 26
 Thus, it is critical to choose a host 
crystal for efficient upconversion fluorescence.  
14 











exhibit similar ionic size to lanthanide ions. Therefore, inorganic compounds 
containing these ions were also used as host materials for UC processes. However, 
charge imbalance induced by lanthanide-doping caused crystal defects such as 
interstitial anions and cation vacancies in these nanocrystals. To maintain neutrality, 
the dopant concentration should be stringently controlled. Thus, the fluorescence is 





) and high stability than heavy halides (300 cm
-1
). Thus, fluorides are 
more suitable to be used as host materials for upconversion.
20
 According to the theory, 
the most promising materials are lanthanide-doped glassy or crystal materials 
sensitized by Yb, in which high efficient multicolor UC in the green, red, and blue 
wavelength range can be observed from Er and Tm ions.
27-29
 Not only based on the 
theoretical energy level, but also practically the Yb/Er (or Yb/Tm) codoped NaYF4 
nanoparticles were reported to be the most efficient infrared-to-visible upconversion 
fluorescent materials.
30, 31
 Therefore, experiments throughout the thesis were carried 







The host matrixes used for generating upconversion fluorescence are listed in the 





Table 1. Host matrixes for upconversion. 
Hosts Method Remarks 
LaF3, NaYF4, LuPO4, 
YbPO4 
Coprecipitation Fast growth rate without the need for costly 
equipment and complex procedures. Post-
heat treatment typically required. 




Expensive, air-sensitive metal precursors. 
High quality, monodisperse NaYF4 






No post-heat treatment. Excellent control 
over NaYF4 particle size and shape. 
Specialized reaction vessels required. 
ZrO2 , TiO2, BaTiO3, 
Lu3Ga5O12, YVO4 
Sol–gel processing Cheap raw materials. Calcinations at high 
temperatures required. 




Time and energy saving. Considerable 
particle aggregation. 
Y2O3 Flame synthesis Time saving and readily scalable. 
 
Besides the host component, the matrix phase also affects UC emission. It is ascribed 
directly to symmetries of matrices leading to different crystal-fields around trivalent 
lanthanide ions. Normally, low symmetry hosts contain more uneven components 
around the doped ions than that in high symmetry counterparts. Higher electronic 
configuration and stronger electronic coupling between 4f energy levels is formed 
because of the uneven components. Subsequently, f-f transition probabilities of the 
dopant ions increase. As a result, higher UC efficiency can be obtained. Similarly, if 
the cation size (or unit-cell volume) of the host decreases, crystal-field strength 
around the dopant ions can be increased and lead to enhanced UC efficiency.
20, 32
 
Therefore, higher efficient upconversion emission can be obtained in less symmetry 
hexagonal-phase NaYF4:Yb,Er (Fig 1-4a) than that in higher symmetry cubic phase 
(Fig 1-4b). Heer et al. reported that hexagonal-phase NaYF4:Yb,Er bulk materials 







Figure 1-4. Structure of hexagonal and cubic phase NaYF4 crystal. (a). schematic showing the 
crystal structure of hexagonal phase NaYF4 nanocrystals. The green color sites are occupied 
by Na or Re (Y, Yb, Er) atoms. The blue color sites are occupied by Re atoms only. The red 
color sites are half empty and half occupied by Na atoms. Gray color dots are the projection 
on the bottom plane of the atoms occupying the green color sites. (b) A scheme showing the 
crystal structure of cubic phase NaYF4 nanocrystals. The green color sites are occupied by Na 
or Re atoms and the red color sites are occupied by F atoms.  
 
Different applications have different requirements for property of UCNs. 
Optimization of the synthesis or fabrication procedure to establish standard protocols 
to synthesize desirable UCNs with required crystal size, morphology and especially 
optical properties is critical to extend the applications of UCNs to a wider range. 
Surface functionalization for compatibility can be achieved by many complementary 
approaches. The first synthesis of NaYF4: Yb,Er powders was reported by Menyuk et 
al. in 1972.
33
 Over the several decades, a lot of endeavors have been made to fabricate 
NaYF4 into nanoscale with controlled size and shape.
34
 Several methods had been 












 and microwave aided hydrothermal synthesis.
39
 Among them, 
copecipatation, thermal decomposition and hydro/solvo-thermal synthesis are typical 
methods to obtain UCNs with control size and crystal phase. So these three methods 
are discussed in detail in the following. 
a             b 
17 
To get ultrafine nanocrystals with narrow size distributed UCNs, coprecipitation was 
regarded as the most convenient techniques. Compared to other techniques, less costly 
equipment can be used for this method without harsh reaction conditions or complex 
procedures, such as calcination step and post-annealing process. The thermal 
decomposition method had been developed as a common route to synthesize high 
quality upconversion NaYF4 nanocrystals.
21, 37, 40





 reported the synthesis of NaYF4 nanocrystals via thermal decomposition of 
metal trifluoroacetate precursors in octadecene with oleic acid as capping reagent. 
Temperature control after addition of the precursors is essential to this method. With 
this approach, remarkably narrow size distribution NaYF4 nanocrystals were obtained 
without the procedure for size selective fractionation. The hydro/solvo-thermal 
synthesis technique keeps a solvent under pressures and temperatures above its 
critical point to increase the solubility of solid and to speed up reaction between solids. 
Special reaction vessels (known as autoclaves) should be used for this method 
because very high pressure generated in the container as the temperature increasing. 
Harsh and corrosive chemical reagent cannot be used for the reaction since autoclaves 
are made from special materials (Teflon and titanium). Zhao and co-workers utilized 
an oleic acid-mediated hydrothermal method for the synthesis of upconversion NaYF4 












were often used as ligands to control the particles growth and to stabilize the particles 
against aggregation. NaYF4 can be formed in two different phases (cubic and 
hexagonal) with the change of the concentration of oleic acid. Cubic (or α) phase 
18 
NaYF4 UCNs was less efficient than the hexagonal (or ) phases to convert NIR 
radiation to visible light. It was reported that phase transition from α to β was favored 
by the high molar ratio of fluoride to lanthanide and high hydrothermal temperature as 
well as long thermal treatment time.
43
 The increase of oleic acid resulted in faster 
growth rate in the [001] direction than [100] or [010] directions (Fig. 1-5), which 
guided the hexagonal phase nanocystals growing into elliptical.
44, 45
 It was found that 
the nanocrystals fabricated by the above diffusion controlled growth method was the 
most efficient to obtain relatively small and uniform sized -NaYF4 with strong 
fluorescence,
40
 which was more than 80 times higher fluorescent than that of the PVP 




Figure 1-5. Crystal growth directions in hexagonal NaYF4 nanocrystal. 
 
1.3.3 Biological applications of UCNs 
UCNs have great potential to be used in bioimaging and biodetection. The emission 
wavelength of upconversion nanoparticles covers wide range of wavelength, 
including NIR, visible and UV. Visible emission is suitable for fluorescence 
immunoassays, pathogen/toxin detection and PDT since the fluorescence of UCNs is 
stable without bleaching. NIR radiation rarely excites normal phosphors and it is less 
harmful to cells, auto-fluorescence or background from biological tissues can be 
largely minimized. In addition, NIR has larger penetration depth in biological tissues 
19 
compared to UV and visible light as a result of endogenous molecular having least 
absorption in NIR range (Fig. 1-6).
46
 Therefore, the unique properties make them well 
suited for in vitro and in vivo bioimaging
47-52
 and especially advantageous in the 
applications in in vivo study, such as imaging, in vivo cell tracking and drug 
distributing. The advance of upconversion nanoparticles overcomes some of the 
limitations existing in the conventional labeling agents, including organic dyes, 
fluorescent proteins and lanthanide chelates, such as broad spectrum profiles, low 
photobleaching thresholds, and poor photochemical stability.  
Application of upconversion in biological study was first exploited by Zijlmans and 
co-workers.
53
 Since then, three categories of application had been explored including 
in vitro/vivo detection, in vitro/vivo imaging, photodynamic therapy (PDT). In recent 
years, lanthanide based UCNs have been developed and used as an efficient and 
versatile bioimaging and therapeutic tool.
54-60
 UCNs have been used in in vivo 
imaging,
31, 61-63
 single cell tracking,
61














 and fluorescence resonance energy transfer (FRET) 
based molecule sensing
70, 72-75
 immuno-histochemistry in lateral flow assay formats, 
or in immunochromatographic assays for human chorionic gonadotropin, and in vitro 
nucleic acid assays.
76-78
 Examples of each category are given below.  
1.3.3.1 Molecular detection and sensing via FRET 
Zhang C. et al designed a platform for glucose detection based on FRET between 
UCNs and graphene or graphene oxide.
70
 Graphene oxide (GO) or graphene act as a 
superquencher as a result of nonradiative energy transfer from electronic excited 
states to the  system of graphene. In this platform, concanavalin A (conA) and 
20 
chitosan (CS) were covalently attached to UCNs and GO, respectively. The known 
tight binding of ConA with CS may bring UCNs and GO into appropriate proximity 
and hence induce energy transfer. The competition between glucose and CS for ConA 
made FRET process be inhibited.  Based on the response, glucose was detected. 
 
 
Figure 1-6. Molecular detection and sensing via FRET. Schematic illustration of the UCP–
GO biosensing platform and the mechanism of glucose determination. 
 
1.3.3.2 Intracellular molecule detection 
Liu et. al found that manganese dioxide (MnO2) nanosheets an efficient quencher for 
upconverted luminescence of UCNs attributing to introducing glutathione that reduces 
MnO2 into Mn
2+
. MnO2 wrapped UCNs for intracellular glutathione detection with 





Figure 1-7. Methods of intracellular molecule detection with UCNs .GSH detection using 
MnO2-Nanosheet-Modified UCNs. Photoluminescence response of MnO2-modified 
NaYF4:Yb/Tm@NaYF4 nanoparticle solutions in the presence of different electrolytes and 
biomolecules (0.1 M each; for bovine serum albumin: 1 mg/mL). The photoluminescence 
response was evaluated by calculating the change in the relative luminescence intensity ratio 
(I345nm/I476nm) of MnO2-modified nanoparticles. Intracellular GSH detection in HepG2 and 
HeLa cell lines using MnO2-modified NaYF4:Yb/Tm@NaYF4 nanoparticles. 
 
 
Figure 1-8. Intracellular molecule detection results. (a−c)Upconversion luminescence and 
bright-field microscope images showing (a) nanoparticle-labeled HepG2 cells, (b) HepG2 
cells pretreated with BSO (100 μM) for 1 h followed by incubation with the nanoparticles, 
and (c) HepG2 cells pretreated with NMM (500 μM) for 20 min followed by incubation with 
the nanoparticles. (d−f) Upconversion luminescence and bright-field microscope images 
showing (d) nanoparticle-labeled HeLa cells, (e) HeLa cells pretreated with LPA (500 μM) 
for 24 h followed by incubation with the nanoparticles, and (f) HeLa cells pretreated with 
LPA for 24 h and then NMM (500 μM) for 20 min, followed by incubation with the 
nanoparticles. Both cell lines were washed with cell culture media and incubated with MnO2-
modified nanoparticles (100μg/mL) for 3 h at 37 °C. The scale bars are 10 μm. (g) 
Photoluminescence intensity of HepG2 and HeLa cells measured after treatment with 
different chemicals and upconversion nanoparticles. 




With the aid of silica coated NaYF4:Yb,Er UCNs, 3D image of transplanted live myoblast 
cells with 1300 mm depth in living tissue was done by Idris et. al.
61
 They reported UCNs 
were absolutele resistance to photobleaching for a continuous 5 h duration dynamic in vitro 
cell migratory activity imaging in real time. In vivo subtle migratory activity of the 
transplanted cells over a 4 h time course can be visualized in the native tissue. Therapeutic 
effectiveness of the intramuscular injected UCNs labeled transplanted cell was assessed by 
inductively coupled plasma (ICP).  
 
Figure 1-9. In vivo three-dimensional imaging of nanoparticles and nanoparticle-loaded cells 
transplanted in mouse limb muscle. (A) Schematic diagram shows site of transplantation 
(depicted as an asterisk) and z-stack region imaged with confocal microscope (depicted as a 
box). Volume rendered xy images from the z-stacks showed distribution of the injected (B) 
nanoparticles and (D) nanoparticle-loaded cells within part of the limb muscle (scale bars: 
200 mm, B and D). A 90° rotation through the rendered z-stacks displayed depth of the 
23 
injected (C) nanoparticles (scale bar: 2250 mm) and (E) nanoparticle-loaded cells (scale bar: 
1300 mm) that can be detected by confocal microscope. 
 
1.3.3.4 Photodynamic therapy (PDT) 
The photodynamic effect of photosensitizer loaded UCNs was studied on murine 
bladder cancer cells (MB49) by Guo et al.
71
 NaYF4 UCNs was first coated with 
mesoporous silica, which performed as a vehicle for loading photosensitizer zinc (II)-
phthalocyanine (ZnPC). Upon radiation with 980-nm light, zinc (II)-phthalocyanine in 
the mesopore could be activated to generate singlet oxygen molecules to destroy live 
cells. Strongly positive photodynamic effect of photosensitizer loaded UCNs was 
observed on murine bladder cancer cells by the means of various assays, including 
cell viability assay, confocal microscopy, DNA agarose gel electrophoresis, 




Figure 1-10. UCNs induced PDT effect on MB49-PSA cells. Confocal microscopy images of 
MB49-PSA cells incubated with void mesoporous silica-coated NaYF4 nanoparticles (A) and 
those loaded with ZnPc (B) (left column). Images of the cells stained with DAPI and the 




1.3.4 Biological distribution 
As an attractive in vivo imaging tool, the fate of the injected nanoparticle becomes a 
big concern. For common hydrophilic treated nano scale materials, the size is 
dominant factor of its in vivo distribution. The particles less than 10nm will be rapidly 
removed through extravasation and renal clearance.
80
 The particles with size 17-70 
nm can penetrate small capillary wall to go into the blood stream. Particles with size 
70-200 nm have prolonged circulation time inside the body. The particles larger than 
200 nm will be sequestered in the spleen and taken up by phagocytes.
81
 Particularly, 
particles larger than 100 nm normally will not enter cells via endocytosis.
81
 
Particle size  remarks 
<10nm rapidly removed through extravasation and renal clearance 
10-70nm Penetrate very small capillaries 
70-200nm Demonstrate the most prolonged circulation time 
>200nm Usually sequestered by the spleen and removed by phagocytes. 
Table 2. Distribution of nanoparticles with different size in the body.  
 
Besides the influence of size, other factors such as sample preparation, dosage, size, 
aggregation, surface coating, and animal type also lead to different clearance pathway 
and retention time in the body. Our group reported that silica coated NaYF4 
nanocrystals were mostly cleared from mice’s body by day 7 post injection at a dose 
of 10 mg/kg.
61
 Dr Li’s group studied the in vivo biodistribution of Polyacrylic acid 
(PAA) coated UCNs in athymic nude mice with dose of 15 mg/kg body weight after 
injected via the tail vein.
49
 The distribution was analyzed at different time points post-
injection. They found that the UCNs signals were predominantly found in liver and 
25 
spleen and no significant uptake was observed in other organs. The presence of UC 
signals in the intestinal tract indicates a clearance of PAA-UCNPs via hepatobiliary 
transport. At 14 days post-injection, almost no UCL signal was detected in the liver 
and spleen. At 115 days post-injection, nearly no UCL signal was observed in the 
mice, showing that most of the PAA-UCNPs were excreted from the body of the 
mice. 
26 
Chapter 2. Thesis overview 
UCNs’ potential as a promising fluorescent biological labeling agent is clearly evident 
from its diverse applications in various fields ranging from biological sensing to 
medical diagnosis and therapy. Admittedly, its application remains limited due to low 
fluorescence intensity and only a few emission colors being currently available for 
these UCNs. It was reported that the quantum yield (QY) of UCNs is less than 0.3% 
for NaYF4: 2% Er, 20% Yb particles existing in nano scale form, mainly due to 
surface to volume ratio is reduced, while that of bulk sample is 3%.
82
 Furthermore, its 
overall emission colors without any filters are mainly limited to blue, green and red. 
More efforts are thus needed to tune the emission colors of these UCNs to exploit 
their full potential in wider-ranging applications. 
Objectives 
1. To tune upconversion emission of NaYF4:Yb, Er nanoparticles via doping 
method. 
As discussed in Chapter 1, the upconversion process is preceded by the energy 
transfer between absorber ions Yb and emitter ions Er. The interaction is affected by 
an overlap in electron cloud, which is determined by the distance between these ions. 
Therefore, changing the proximity of the ions will in turn induce changes in the 
upconversion fluorescence. The distance can be adjusted by introducing impurity of 
crystal purposely. Based on this, the UC fluorescence was thus tuned by doping 
different alkaline ions. To maintain neutrality, the dopant electro-negativity should 
also be taken into consideration. Li or K ions, which belong to the same alkaline 
groups as Na, are therefore considered appropriate to be used here as dopants for 
tuning UC emission of NaYF4: Yb,Er. 
27 
2. To tune upconversion emission of NaYF4 nanoparticles via core-shell-shell 
strategy. 
It is known that crystal defects found on the surface of crystalline nanoparticles, leads 
to its fluorescence quenching. This is especially so in smallersized nanocrystals, since 
they are susceptible to more surface defects due to their higher surface-area to volume 
ratio. Besides this, bond vibration of any surface associated ligands and surrounding 
solvent molecules may also contribute to fluorescence quenching.
83
 To overcome this 
problem, the same matrix was coated on the surface of the UCNs by controlling the 
nucleation and growth of nanocrystals in the solution.
84, 85
 In this way, the shell not 
only repairs the surface defect of the nanocrystal but also separates the lanthanide 
emitting ions from surrounding solvent molecules and surface ligands.
86-89
 By this 
approach, the deactivation process leading to surface quenching are indeed minimized 
to a great extent.  
To further enhance the fluorescence efficiency, core-shell-shell structure UCNs with 
absorber ion-rich NaYbF4 layer sandwiched in between two NaYF4 layers was also 
developed. Such a design will allow efficient absorption of the excitation energy by 
the absorber ion-rich NaYbF4 layer which is then subsequently transferred to layers 
that lie on either of its side. As high concentration of any dopants leads to cross 
relaxation, placing the absorber ions in a separate layer within the nanoparticles 
isolates it from the emitter ions and thus avoids such relaxation, with the consequence 
that greater energy absorbance will be achieved, thereby enhancing the output 
fluorescence. Furthermore, different emitting ions can be assigned to different layers 
to obtain different combined overall emission. Through this core-shell-shell strategy, 
multicolor emitting UCNs with high emission efficiency can thus be facilely 
synthesized. 
28 
3. Use of custom-tailored UCNs for application in multiplex detection to 
demonstrate its unique properties and potential application.  
A multiplex detection model was developed to demonstrate the potential of custom-
tailored UCNs in biological application. In this model, a type of cell harboring two 
surface markers of interest was used. UCNs having two different color emissions was 
separately conjugated to antibodies against the respective surface marker of interest, 
with each color tagging for a specific marker. The UCN-antibody conjugates were 
then incubated with the live cultured cells to allow simultaneous labeling of the two 
surface markers. After which, the cells were fixed and permeabilized for staining of 
microtubuluar structures using UCNs with a third emission color that has been 
conjugated to an antibody against α-tubulin, thus enabling multiplex detection. 
29 
Chapter 3. Tuning emission of UCNs by alkaline doping 
3.1 Introduction 
Fluorescent materials that are excited by near-infrared (NIR) light are better suited for 
in vivo studies as compared to that excited by UV or visible light, because NIR light 
has high penetration depth in biological tissues and causes low autofluorescence and 
minimum photodamage to the tissues.
90, 91
 NIR quantum dots (QDs) have been 
synthesized and used for in vivo studies, however, their use is limited due to their 
cytotoxicity.
92
 Upconversion nanoparticles (UCNs) have received considerable 
attention, which emit UV and visible light upon NIR excitation based on an anti-
Stokes process.
93, 94
As most of biological tissues do not have this upconversion 
property, autofluorescence is close to zero. Most of the upconversion nanoparticles 
that have been synthesized so far are lanthanide based materials. Among these 
materials NaYF4 has been reported to be the best host material for upconverting 
lanthanide ions and NaYF4 nanocrystals doped with various lanthanide ions have been 
studied.
28, 30
 Co-doping of both the absorber ions such as Yb and the emitter ions such 
as Er has also been carried out.
28, 95
 The electrons of Yb ions on the ground state are 
excited to a higher energy level, and subsequently the energy is transferred to Er ions 
due to the energy overlap of the transition dipoles of the two elements. Finally the 
energy is released by Er ions in the form of light emission and partially heat. In this 
through-space interaction, the distance between the Yb and Er ions plays an important 
role. If the ions are far separated from each other, the energy transfer is not efficient. 
On the other hand, the closely spaced ions will lead to deleterious cross-relaxation, 
which decreases the emission efficiency. Thus, the fluorescence emission of the 
UCNs is affected by the distance between the Yb and Er ions. Furthermore, the 
30 
change in the UCN crystal lattice also affects the fluorescence emission, however, the 
relationship between them remains unclear. 
  
These materials have been used in immunohistochemistry in lateral flow (LF) assay 
formats, or in immunochromatographic assays for human chorionic gonadotropin 
(hCG).
76, 77, 96-98
 A host of in vitro nucleic acid assays have also been described.
78, 99
 
Furthermore, 150 nm sized particles have been inoculated into live C. elegans and 
imaged in the intestines of the worms.
100
 Proof-of-concept studies demonstrating 
whole-body in vivo imaging of mice injected with the UCNs have reported 
upconversion fluorescence observed at low resolution
101-103
 In another application, the 
particle’s capability of multicolor upconversion emissions upon excitation at a single 
wavelength of 980 nm was exploited to activate multiple photosensitive drugs at the 
same time for enhanced photodynamic therapy (PDT), a technique utilizing 
photosensitizers to induce photodamage to cells by generating cytotoxic reactive 
oxygen species (ROS).
104-109 
Moreover, the particles were fabricated with magnetic 
properties with mesoporous structure for drug delivery.
110
  
Although NaYF4 nanocrystals with different color upconversion emission could be 
obtained by doping various upconverting lanthanide ions into the nanocrystals, so far 
only the nanocrystals co-doped with Yb/Er or Yb/Tm, emitting observable green/red 
or blue fluorescence, have been produced. It is necessary to make the UCNs with 
tunable emission spectra, based on which encoded nanoparticles could be developed 
for multiple labeling. Different biomolecules could be labeled by the UCNs with 
multicolors and used for drug screening, cell and tissue imaging, microarray 
applications, and so forth. The detection/imaging could be done based on single laser 
excitation at 980 nm. 
31 
Several methods have been used to tune the upconversion emission of lanthanide 
doped NaYF4 nanoparticles. These methods include changing emission doped ions’ 
concentration,
111
 inducing hexagonal phase formation by doping lanthanide ions
112
 
and protecting the crystal from surface quenching.
87, 113
 For example, tuning of the 
upconversion emission of lanthanide doped NaYF4:Yb,Er/Tm nanocrystals has been 
previously reported.
114
 Both Er and Tm ions were co-doped in the NaYF4 nanocrystals, 
and the emission was tuned by changing the dopants’ concentrations. However, Er 
and Tm co-doping may cause deleterious cross relaxation between the dopants. The 
concentrations of the dopants must be low to avoid the cross relaxation, which 
reduces the fluorescence intensity and limits the tunable range significantly. Another 
effort has been made to tune the intensity ratio of red-to-green emission of the 
nanocrystals by creating a core/shell structure.
115
 Although multicolor emission could 
be obtained, the nanocrystals with different color emission have different crystal sizes. 
All the above methods are mainly based on manipulation of doped lanthanide 
upconverting ions or creation of core/shell structure. Here we tried to tune the 
emission spectra of NaYF4: Yb,Er (without Tm) by changing the host NaYF4 crystal 
matrix  with alkali doping. Lithium (Li) ions and potassium (K) ions are from the 
same alkali group as sodium (Na), with a smaller and larger ionic radius (Table 1), 
respectively. These alkali ions are carefully chosen to have an ionic size slightly 
larger or smaller than Na to make replacement of Na with these ions possible.
116
 The 
purpose of Li or K doping is to slightly change the size of the unit cell in the crystal 
and then to change the Yb-Er distance. Other alkali ions are not considered in this 



















ionic size* (Å) 1.13~1.53 0.73~1.06 1.51~1.78 1.159 1.125 1.144 
*The size changes with coordination number (CN). 
 
The purpose of doping Li or K in the crystal lattice is to tune the crystal unit cell size, 
thus slightly tune Yb-Er distance. According to the Vegard’s Law,31-33 if an element is 
doped in a crystal lattice, the crystal lattice parameter follows a linear change with the 
dopant concentration. Theoretically, when Li or K is doped into the NaYF4 crystal 
lattice, the Yb-Er distance will be changed, and thus the energy transfer from Yb to Er 
and the fluorescence emission will be influenced. The possible changes in the crystal 
lattice after doping are illustrated in Fig 3-1. When small size ions are doped, they 
will possibly occupy the substitution or interstitial positions when the doping amount 
is small or occupy both positions when the doping amount is large,
34
 corresponding to 
Fig 3-1a, b or c, respectively. When large size ions are doped, they will occupy the 
substitution positions only as shown in Fig. 3-1d. When Li or K ions are doped in the 
NaYF4 nanocrystals, the size of the crystal unit cell will be changed, which changes 
the crystal structure, the distance between the Yb and Er ions and then the energy 





Figure 3-1. The schema showing the possible changes in the NaYF4 crystal lattice after 
alkali doping. (a) Substitution by a small atom. (b) Interstitial occupation by a small atom. (c) 
Combination of substitution and interstitial occupation. (d) Substitution by a big atom. (e) 
Impurity induced crystal defection. 
3.2 Results and Discussion 
3.2.1 Li doped NaYF4:Yb,Er nanocrystals 
NaYF4:Yb,Er nanocrystals doped with different amount of Li were synthesized. When 
20 mol% of Li was doped, nanorods with a length of approximately 50 nm and a 
diameter of 20 nm were obtained, as shown in Fig. 3-2a. The XRD pattern in Fig. 3-
2b demonstrated that the nanocrystals of pure hexagonal phase have been synthesized. 
The diffraction pattern in Fig. 3-2d confirmed monocrystals were obtained. The 
crystal structure of the hexagonal phase NaYF4 nanocrystals has been well studied 
and a schematic representation is shown in Fig. 3-2c.
5
 In the hexagonal lattice, Na and 
rare earth (RE) ions occupy the same lattice sites due to their similar ionic radius. 
When a small amount of Li is doped into the lattice, they may occupy either the lattice 
sites or interstitial sites as shown in Fig. 3-1 a and b. When comparing the XRD 
pattern in Fig. 3-2b with standard JCPDS card 16-0334, it was found that all the 





 after the Li doping. According to Bragg’s Law, d decreases when 
 increases. As d is the spacing between the planes in the atomic lattice, thus the unit 
cell shrinks when d decreases. Considering that rLi (0.73~1.06 Å)<rNa (1.13~1.53 Å)
29
 
and the total amount of Li ions doped is large, so we believe that some Na ions are 
replaced by Li ions and excess amount of Li ions may occupy the interstitial sites. 
         (Bragg’s Law) 
where n is an integer, λ is the wavelength of incident X-way beam, d is the spacing 
between the planes in the atomic lattice, and θ is the Bragg angle between the incident 
X-ray and the scattering planes. The shrinking of the unit cell suggested that Li ions 
occupy the lattice sites by the substitution of the Na or RE ions in the crystal, 
corresponding to the situation shown in Fig. 3-1a. 
 
Figure 3-2. (a) TEM image and (b) XRD pattern of Na(1-x)LixYF4:Yb,Er nanocrystals, 
x=20 mol%. The peaks labeled with ‘H’ are corresponding to hexagonal phase NaYF4 
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crystals (JCPDS No. 16-0334). (c) A scheme showing the crystal structure of hexagonal phase 
NaYF4 nanocrystals. The green color sites are occupied by Na or Re (Y, Yb, Er) atoms. The 
blue color sites are occupied by Re atoms only. The red color sites are half empty and half 
occupied by Na atoms. Gray color dots are the projection on the bottom plane of the atoms 
occupying the green color sites. (d) Diffraction pattern. 
 
When the Li concentration was increased to 40% and 60%, the TEM images in Fig. 3-
3a and b show that the nanocrystals changed from nanorods to nanospheres. The XRD 
patterns in Fig. 3-3d suggested that the crystal phase changed to cubic phase. The 
phase change was closely related to the amount of Li doped. When a relatively large 
amount of Li
 
was doped into the crystal structure, the electron cloud of the ions is 
distorted due to the imbalance of the crystal lattice caused by the size mismatch after 
the Li substitution. Due to the steric effect, Re
 
cannot coordinate with F of the same 
number as in the nanocrystals before Li doping, which causes the imbalance in 
hexagonal crystal lattice and the change to cubic phase. The coordination number of 
Re
 
is 9 in hexagonal phase and 8 in cubic phase.
94, 118
 Coordination number is an 
important parameter to evaluate the stability of a coordination compound. A 
compound with a higher coordination number is usually more stable. Hexagonal 
phase NaYF4 nanocrystals are more stable than cubic phase nanocrystals and the 
hexagonal phase is usually formed at high temperature.
57, 119
 However, when the 
amount of Li is further increased, to offset the imbalance in Li doped NaYF4 
nanocrystals, cubic phases were formed, even at the high temperature at which 
hexagonal phase is usually formed. Compared to JCPDS card 77-2042, the diffraction 
peaks in both the XRD patterns in Fig. 3-3d slightly shifted to lower angle, indicating 
that the crystal unit cell expanded. The results suggested that Li atoms occupy both 




Figure 3-3. (a-b) TEM images and (d) XRD patterns of Na(1-x)LixYF4:Yb,Er nanocrystals, 
xa=40 mol%, xb=60 mol%. The XRD patterns I and II correspond to sample (a) and (b) 
respectively. The peaks labeled with ‘C’ are corresponding to cubic phase NaYF4 crystals 
(JCPDS No. 77-2042). (c) A scheme showing the crystal structure of cubic phase NaYF4 
nanocrystals. The green color sites are occupied by Na or Re atoms and the red color sites are 
occupied by F atoms. 
 
When the amount of Li is further increased, due to the size mismatch, the imbalance 
in the nanocystral structure caused by the Li doping becomes more serious and the 
phase transition to tetragonal LiYF4 occurs. The TEM images in Fig. 3-4 a&b show 
that parallelogram-shaped nanocrystals were obtained. When more Li is introduced 
into the system, the imbalance becomes more serious. When more Na atoms are 
substituted by Li, the remaining Na, Y and F can no longer form a stable cubic phase 
crystal lattice. Moreover, the mismatched sizes of Li and Re make it impossible for 
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them to occupy the same sites in the unit cell. Therefore, cubic phase NaYF4 crystals 
are transformed to tetragonal phase LiYF4 crystals (Fig. 3-4c). In LiYF4 nanocrystals 
with a scheelite structure, each Y ion is coordinated with eight F ions thus forming the 
YF8 polyhedral units.
120-122 
 On the other hand, each Li ion is coordinated with four F 
ions forming the LiF4 tetrahedral units. 


































Figure 3-4.  (a,b) TEM images and (c) XRD patterns of Na(1-x)LixYF4:Yb,Er nanocrystals, 
xa=70 mol%, xb=80 mol%. XRD patterns I and II correspond to sample (a) and (b) 






3.2.2 Fluorescence affected by Li dopants 
To study the effect of Li doping on the upconversion fluorescence emission of the 
nanocrystals, fluorescence spectra were measured and the intensity was normalized 
according to the violet emission peak at 410 nm (Fig. 3-5a). The green-to-blue 
emission ratio increased with the amount of Li doped. According to the upconversion 
mechanism,
93
 blue emission is involved with high energy transition that requires the 
absorption of more photons as compared to green emission that is involved with low 
energy transition. Selective enhancement of green emission is observed due to the 
crystal structure variation caused by the Li doping, and tuning of the green-to-blue 
emission ratios can be done by changing the amount of Li doped. 
 
Figure 3-5.  (a) Room temperature upconversion fluorescence spectra of Na(1-
x)LixYF4:Yb,Er nanocrystals with different Li content (x is in mole percentage), (b) The 
green-to-blue (G/B) emission ratio between the green emission peak at 545 nm and the violet 
emission peak at 410 nm as a function of the Li content. 
3.2.3 K doped NaYF4:Yb,Er nanocrystals  
The alkali ions with larger radius such as K was also doped into the NaYF4 
nanocrystals and their effect on the crystal structure was studied. Unlike Li, K can be 
introduced into the crystal lattice by occupying the lattice sites only to substitute Na. 













































The TEM images (Fig. 3-6 a-d) show that the nanocrystals changed from an elliptical 
shape to a hexagonal prism shape and then to nanorods with the the K content 
increased. The XRD patterns in Fig. 3-5e show that hexagonal phase is the 
dominating phase in the samples with the K content up to 60 mol%. Compared to the 
JCPDS card of hexagonal phase NaYF4 crystals, the diffraction peaks for all the 
samples shift to lower angle except the peak of face (101), indicating the expansion of 
the unit cell. Considering that rK=1.51~1.78Å> rNa=1.13~1.53Å, it is impossible for K 
ions to occupy the interstitial sites, because it costs a lot of energy and the crystal 
structure becomes unstable. 
 
Figure 3-6. (a-d) TEM images and (e) XRD patterns of Na(1-x)KxYF4:Yb,Er nanocrystals, 
xa=20 mol%, xb=30 mol%, xc=40 mol%, xd=60 mol%. The peaks labeled with ‘H’ are 
corresponding to hexagonal phase NaYF4 (JCPDS No. 16-0334). 
 
When a large amount of K is present in the nanocrystals, the crystal phase is changed 
to K2NaYF6, in which Re can only coordinate with 6 F.
123
 The crystals synthesized 
were in the rod shape (Fig. 3-7a) and were not monocrystal as shown in XRD and 
diffraction pattern Fig. 3-7b, d. A scheme is given in Fig. 3-7c to show one octant of 








































































the cubic unit cell of K2NaYF6 crystals. The small coordination number of Re
 
suggested that this compound may not be as stable as NaYF4, in which the number is 
9 and 8 for hexagonal and cubic phase, respectively. As such, the nanocrystals grow 
into a big size to overcome the surface tension. 
 
Figure 3-7.  (a) TEM image and (b) XRD pattern of Na(1-x)KxYF4:Yb,Er nanocrystals, 
x=80 mol%. The peaks with * are corresponding to K2NaYF6 (JCPDS No. 23-1363). (c) One 
octant of cubic unit cell of K2NaYF6. K is all equivalent at (1/4,1/4,1/4). (d) Diffraction 
pattern. 
3.2.4 Fluorescence affected by K dopant 
Fluorescence emission spectra of the NaYF4:Yb,Er nanocrystals doped with different 
amount of K were measured under excitation of a 980 nm laser and the intensity was 
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normalized according to the violet emission peak at 410 nm (Fig. 3-8a). The 
wavelength of the blue, green and red emission peaks did not shift, while the emission 
ratios between the blue, green and red peaks changed with the amount of the K doped. 
Both the blue-to-red and green-to-red ratios gradually increased with the K amount 
(Fig. 3-8 b&c). The green-to-red ratio increased rapidly even when a small amount of 
K was doped into the crystals. This may be due to the host-dependent small Stark 
splitting of the 
4
I11/2 level of Er when the crystal lattice is altered by K doping.
124
 The 
upconversion excitation process of the green emission involves multiple steps.
125 
The 
electron on the ground level is excited to 
4
I11/2 level upon 980 nm radiation and then 
to 
4




S3/2 levels and return to the ground level by emitting green photons. When the 
electrons go to the splitting 
4
I11/2 level, the relaxation time increases so they could stay 
for a longer time. This increases the chance that the electrons on this level are further 
excited to the 
4
F7/2 level and as such enhance the green emission. 
42 
 
Figure 3-8.  (a) Room temperature upconversion fluorescence spectra of Na(1-
x)KxYF4:Yb,Er nanocrystals with different K content (x is in mole percentage), and the (b) 
blue-to-red (B/R), (c) green-to-red (G/R) and (d) green-to-blue (G/B) emission ratios as a 
function of the K content. 
3.2.5 Nanocrystal morphology changes upon alkaline dopants 
The alkaline dopant ions for tuning the matrix were introduced into the reaction in the 
form of A(OH), so the reaction pH changed as the changing of dopant amount. The 
morphology changes were shown in Fig 3-9. When NaOH was substitute with same 
amount of LiOH, the pH decreased as the increase of LiOH amount. Due to the more 
possible change of crystal with a smaller impurity ion, more complicate phase change 
occurs and thereafter particle morphology changes were correspondingly complex. 
The crystal phase changed from hexagonal phase NaYF4 to cubic phase NaYF4 and 
then to tetragonal phase LiYF4. At the same time, the shape of nanoparticles changed 










































































from sphere to an elliptical shape, and then to a hexagonal prism shape and final to 
octahedron. A perfect octahedron (TEM image in Fig. 3-9) can be obtained as 1:1 
Li:Na was used for reaction. As NaOH and KOH used for the reaction, the pH 
increased as the increase of KOH amount. Due to the less possible change of crystal 
with a bigger impurity ion, less phase change occurs. Therefore, morphology changes 
in this process were not dramatic as that in Li case. With increasing K ions ratio, the 
particle changed from sphere shape to elliptical and then to hexagonal prism and to 
nanorod.  
The morphology changes could attribute to that the preference growth direction in the 
crystal. In the crystal growth process, ions gradually deposit on the surface of the host 
crystal. When the reaction reaches to a thermal equilibrium, the crystal is formed. 
Factors influencing the nucleation include pH, ion amount, crystal lattice, and 
temperature, solvent and so forth. The pH can affect the repulsion and attraction 
between ions. Therefore, pH changing affected the ions deposition on the host crystal 
and lead to morphology change. 
 
Figure 3-9. Change of crystal morphology with alkaline dopant ions amount.TEM image 
of 50% Li doping. 
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3.3 Experiment and Methods 
3.3.1 Nanocrystal synthesis  
The synthesis of the nanocrystals was done following the protocols reported 
previously with modification.
57
 All the chemicals were purchased from Sigma-
Aldrich and used without further purification. Typically, to synthesize Li doped 
NaYF4:18%Yb, 2%Er nanocrystals, YCl3 (0.1562 g, 0.78 mmol), YbCl3 (0.0553 g, 
0.2 mmol) and ErCl3 (0.0055 g, 0.02 mmol) were mixed with 6 ml oleic acid (OA) 
and 15 ml 1-octadecene in a 50 ml three-neck flask and heated to 160°C to form a 
homogeneous solution, and then cooled down to room temperature. 10 ml methanol 
solution containing NaOH and LiOH (or KOH) with different amount (total 0.25 
mmol) and NH4F (0.1482 g, 4 mmol) were slowly added into the flask. The solution 
was stirred for 30 min to ensure all the fluorides were consumed completely. 
Subsequently, the solution was slowly heated to evaporate methanol, degassed at 
100°C for 10 min, and then heated to 300°C and maintained for 1.5 h under argon 
atmosphere. After the solution was cooled down naturally, the nanocrystals were 
precipitated from the solution with ethanol and subsequently washed with 
ethanol/water (1:1 v/v) for three times.  
3.3.2 Characterization 
X-ray powder diffraction (XRD) measurement was carried out by using a Bruker 
D5005 X-ray diffractometer furnished with Cu Kα radiation (=1.54406 Å) under 40 
Kv. The morphology of the nanocrystals was examined by using a JEOL JEM2010 
transmission electron microscope (TEM) operating at an acceleration voltage of 100 
kV. Fluorescence spectra were recorded on a Hitachi F-500 fluorescence 
spectrophotometer equipped with a near-infrared (NIR) laser with emission at 980 nm. 
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3.4 Conclusions 
Alkali ions such as Li and K with different radius were doped into the NaYF4:Yb,Er 
nanocrystals and their effect on the crystal structure and the upconversion emission 
spectra were studied. The Li and K doping caused the phase transition in the 
nanocrystals depending on their amount. The emission ratios between the blue, green 
and red peaks changed accordingly and make it possible to tune the upconversion 
fluorescence of the nanocrystals by Li and K doping. Together with other methods of 
tuning upconversion emission of UCNs, UCNs could be fabricated with stronger 
emission with tunable color. Thus, UCNs could find wider applications in in vivo 
imaging, multiplexing detection and biological encoding techniques. 
46 
Chapter 4. Tuning emission of UCNs by forming core-shell-shell 
structure 
4.1 Intoduction 
Multicolor fluorescent biomarkers play an essential role in versatile biological 
applications, especially multiplex labeling. Multiplexing enables one to screen for and 
quantify multiple targets in a single assay or measurement. It reduces the amount of 
reagents, consumables and sample required, decreases sampling errors and eases the 
inclusion of internal controls.
126
 Evaluating the relative expression levels of important 
cell surface receptors, largely relying on multicolor fluorescent markers, is vital for 
the early diagnosis of cancer and other diseases. With multicolor fluorescent markers, 
simultaneous visualization or screening of multiple targets is possible.  
Quantum dots (QD) and organic dyes have been reported as promising multicolor 
fluorescent agent
127
 for multiplex detection
128
. For QDs, a series of emission colors 
have been obtained with only one excitation wavelength and their emission could be 
tuned by adjusting particle size.
127, 129, 130
 However, toxicity concerns from toxic 
components (eg. Cd, Se) hinder QD’s in vivo biological applications.131 As well, the 
components in QD are easily to be oxidized and thereby decreasing the life in 
fluorescence.
132, 133
 In addition, the UV excitation used for QD can also excite 
endogenous fluorescent compounds in the biological samples
134, 135
, which generates 
large background noise and hence seriously decreases the sensitivity of the assay. 
Considering the drawbacks of QD, an alternative should be found out for in vitro and 
in vivo multiplex detection.   
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Upconversion nanoparticles (UCNs) seem to be the ideal choice. Firstly, UCNs emit 
multi-peak visible light after absorbing near infrared (NIR) radiation around 980 
nm
136
. With the multi-peak emission, different color emission could be obtained 
theoretically, by tuning the emission peak ratios. Secondly, the autofluorescence is 
eliminated because endogenous fluorescent compounds
 
in the biological samples can 
seldom be excited to visible range with NIR radiation. Thus, the sensitivity of the 
detection can be enhanced and detection limit can be decreased. Thirdly, UCNs are 
chemically stable, so the toxicity is minimized
61
. The chemical stability also enables 
the fluorescence of UCNs resistant to quenching for a long time. Last but not the 
least, the excitation for UCNs, 980 nm NIR radiation, is less harmful to live cells. In 
the comparison, long term radiation of ultraviolet light or other short wavelength light 
causes cell death and DNA damage.
137
 Thus, it is necessary to develop upconversion 
nanocrystals with multicolour fluorescence emission under NIR excitation at the same 
wavelength. The ability to manipulate the colour output of these upconversion 
nanocrystals is of particular importance for their applications in multiplex biological 






 fabricated four colors UCNs by doping Tm, Ho, Er and Yb in 
NaYbF4 and NaYF4 lattice, however, the size of the nanoparticles were not uniform. 
They were irregular in shape and the intensity was much lower compared to their bulk 
counterparts. Liu and Wang
114
 reported a method of tuning the upconversion emission 
by co-doping Er and Tm and adjusting the Er/Tm ratio in the same nanocrystals. 
Similarly, Yan et al.
139
 synthesized blue, purple and red overall output NaYF4:Yb,Tm 
nanocrystals by altering sizes and Yb/Tm doping concentrations. It is well accepted 
that fluorescence from Er or Tm may be easily quenched by other rear earth dopants 
48 
when they are doped in the same crystal matrix due to cross-relaxation and as such it 
is difficult to fine tune the fluorescence emission colors by only changing the Er/Tm 
ratio. Another piece of work done by Yan’s group115 reported the upconversion 
emission of NaYF4 UCNs was size dependent and their green to red emission ratio 
(fg/r) was influenced by coating a non-doped α-NaYF4 shell. Although the 
nanocrystals with different color emission could be obtained this way, the different 
color emission nanocrystals have different sizes, which hinder their application. Li et 
al.
138
 fabricated FRET (fluorescence resonance energy transfer) based multicolor 
emission nanospheres by encapsulating organic dyes (OD) or QD together with UCNs 
in a silica shell. The multicolor emission was largely dependent on and limited by the 
FRET efficiency from UCNs to OD or QD. More efforts are required in order to 
expand the versatile applications of multicolor emission of UCNs in biological study. 




 coated a undoped 
matrix shell on upconversion nanocrystals (Capobianco: NaGdF4:Yb,Er@ NaGdF4 
and Chow: NaYF4:Yb,Er(Tm)@NaYF4, respectively) to minimize quenching of 
luminescence by surface defects and surface-associated ligands. Liu
83
 synthesized 
NaGdF4:Yb,Tm@NaGdF4 to study surface quenching effect on size-dependent 
luminescence of UCNs. 
Here, we designed a core-shell-shell (CSS) structure (shown in Fig. 4-1) to fabricate 
multicolor emission UCNs with high fluorescence intensity. The NaYbF4 matrix is 
sandwiched in between two NaYF4 matrix layers. The NaYbF4 matrix layer has three 
functions. Firstly, it absorbs as much excitation energy as possible, reaping the 
benefits of rich Yb absorber ions. Subsequently, it transfers the energy both inside and 
outside layer. Secondly, it repairs the surface defect of the core and isolates it from 
solvent ligand. Thirdly, its own upconversion emission performs as a color source for 
49 
overall output emission color tuning. By altering the dopants in each layer and 
adjusting the layer thickness, any emission color can be obtained. Thereby, UCNs 
with tunable multicolor and high intensity fluorescence will be obtained with this 
design. In vitro studies were carried on to show the potential of the multicolour UCNs 
in bioimaging and multiplex detection, which is discussed in Chapter 5.  
 
Figure 4-1. Schematic illustration of the formation of CSS ABA structure to tune UCNs’ 
emission color with an energy accumulating B matrix layer sandwiched between A matrix  
layers. A and B are defined as NaYF4 and NaYbF4 matrix respectively. 
4.2 Results and discussion  
4.2.1 Preparation of ABA core–shell-shell UCNs 
Nanoparticle synthesis began with the formation of the ‘A’ matrix core (NaYF4 doped 
with different emitters) followed by the coating of a ‘B’ matrix (NaYbF4 doped with 
emitters) shell and later another A matrix NaYF4 shell. The emitter dopant 
concentration was set to be constant, that is 2 mol% for Er and 0.3 mol% for Tm, no 
matter in A or B matrix. While, the Yb sensitizer amount was 20 mol% in A matrix 
and 100 mol% in B matrix. Uniform sized spherical nanoparticles were obtained as 
suggested by TEM images (Fig. 4-2a). It can be seen from TEM images that particle 
size changed from ~15 nm to ~43 nm, which indicate the CSS structure formed as a 
result of the surface coating. The average shell thickness was around 5 nm. The size 
50 
distribution statistic histograms (Fig. 4-2b) obtained by a zeta-nanosizer also show 
that the average diameter of nanoparticles increased over the shell coating process. 
The concurring results conclude that the first and the second shell were successively 
coated on the core. It should be noted that the size examined by a zeta-nanosizer is 
larger than the size observed by TEM. This is because the zeta-nanosizer measures 
hydrodynamic radius by dynamic light scattering (DLS), which is larger than the 
actual particle size. DLS results also suggest that the particles were also 
monodispersed after the shells formation.  
Samples with different emitters in each layer were also synthesized and similar results 
were also obtained from other sample groups (data not shown). The constancy of 
results in different groups was ascribed to the similarity of lanthanide ion in terms of 
size and electronegativity. Doping ions with such a similar property therefore does not 
change the size of the nanocrystals. 
 
Figure 4-2. TEM images of (a) from left to right, core UCNs A:Yb,Tm, core-shell UCNs 
A:Yb,Tm@B:Er and CSS UCNs A:Yb,Tm@B:Er@A:Yb,Tm. (b), Particle size distribution 




The composition and nanostructure of the nanoparticles were further confirmed by X-
ray photoelectron spectroscopy (XPS). The characteristic peaks of Y and Yb electrons 
in each sample can be traced by XPS as its examination depth is within 5 nm and the 
average shell thickness was around 5 nm. After the XPS wide scan spectrum (Fig. 4-
3a-c) was corrected by carbon and oxygen elements, the elemental scan was focus on 
Y and Yb elements that were characteristically dominant elements in different stage 
during CSS formation. Obviously, the peak around 200 eV (Fig. 4-3b), corresponding 
4d3 electrons of Yb in middle NaYbF4 matrix, was much higher than that in core 
UCNs (Fig. 4-3a) and CSS UCNs (Fig. 4-3c). In the other hand, peak around 175 eV, 
representing Y 3b electrons, were relatively higher in core UCNs and CSS UCNs than 
in core-shell UCNs. The XPS result reveals that the shell was successively coated on 
the core after shell formation reaction, and the added composition sits on the surface 
of the core without diffusion.  
 
  
Figure 4-3. XPS spectra of (a) core UCNs A:Yb,Tm, (b) core-shell UCNs A:Yb,Tm@B:Er 
and (c) CSS UCNs A:Yb,Tm@B:Er@A:Yb,Tm.  
 
The samples were also analyzed by X-ray diffraction (XRD). XRD patterns (Fig. 4-4) 
showed that single-crystalline hexagonal phase nanocrystals were obtained in every 
reaction stage. The non-shift peaks indicated the crystal unit cell did not shrink or 
expand after CSS treatment with Yb substituted matrix. Here, only one group of 
a     b    c 
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morphology and size statistic was given. All the other groups of samples with 
different dopants in each shell showed similar results, since the morphology and size 
were not affected by dopants with similar ionic size
116
 and electronegativity with a 
similar synthesis procedure. 
 
Figure 4-4. XRD spectra of crystals during formation of CSS structure UCNs. 
 
After adding reactant for the shell growth reaction, it is possible to form small 
particles by nucleation. However, compared to the energy needed for ions deposition 
on an existing core, the energy barrier to be overcome for forming a new crystal is 
much higher.
141
 Hence, the shell formation is preferred to forming new crystals. The 
core-shell and CSS structures could not be directly observed from TEM images based 
on the Z-contrasts of Y
 
and Yb, especially for core-shell structure. This could attribute 
to two reasons. Firstly, the similar ionic size of Y and Yb
116
 makes them seated in the 
same lattice site in the crystal.
115, 142
 Secondly, the crystal phase did not change (Fig. 
4-4) after shell growth reaction.  
Since each shell was coated on the core under the same reaction condition as core 
formation, it is possible that ion migration in the particle occurs together with ion 
53 
deposition on the core in the shell formation process. The XPS results showed that the 
Y ions were only rich after B shell coating, which clears the doubts of ions 
immigration in the nanoparticles in hot solutions and negate the assumption of the 
diffusion and segregation of different ions. To further validate whether ions migrate 
during the CSS formation, common core UCNs (A: Yb,Er,Tm with elemental ratio 
Y:Yb:Er:Tm=53.3:47.3:1.3:0.1), in which elemental ratio is the same as that in CSS 
UCNs (A:0.2 Yb,0.02 Er@B:0.02 Er@A: 0.2Yb, 0.003Tm), were synthesized. The 
emission of tri-doped UCNs was very dim and the recorded spectra intensity is even 
much lower than plain core UCNs (data not shown). This is because the cross-
relaxation between dopants as a result of high ion concentration led shorter ion 
distance. The above results confirmed that there was no ions immigration during shell 
coating reaction. 
4.2.2 Core-shell-shell strategy for color tuning 
Emissions peaks of UCNs cannot simply superpose on each other. Each peak on the 
spectrum corresponds to an energy level. For instance, the emission peaks at 450 and 








H6 transitions of Tm ions. The 
















I15/2, of Er ions
143, 144
. When 
doping two types of emitters (both Er and Tm) in one nanoparticle, the absolute 
emission intensity decreased as compared to common UCNs (A:0.2Yb,0.02Er). 
Different Er-to-Tm ratio doped UCNs were synthesized. As the upconversion 
emission is Yb concentration dependent, with saturation effect, Yb concentration was 
kept the same for all the samples. At first, optimal concentration of emitter ions were 
together doped in a single crystal (A:0.2Yb,0.02Er,0.003Tm). Next, tri-doped UCNs 
54 
with half Er and Tm amount were also synthesized. The recorded spectra (Fig. 4-5) 
show that more of the total amount of Er and Tm, the lower is the fluorescence 
obtained. UCNs with least total ions amount produced highest upconversion emission 
among tri-doped UCNs samples, but it was lower than only one emitter dopant. The 
reason is that the transferred energy from radiation source was lost through cross-
relaxation between ions, and thus less photons fall down to the ground state to 





Figure 4-5. Emission spectra of UCNs with various amount of Yb, Er and Tm dopants. 
 
Qian manipulated multicolor upconversion emission nanoparticles through core-shell 
strategy.
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 NaYF4:Yb,Tm@NaYF4:Yb,Er core-shell nanocrystals and NaYF4:Yb,Tm 
@NaYF4:Yb,Er@NaYF4:Yb,Tm CSS nanocrystals were synthesized. With this 
strategy, the surface defect of nanocrystals was repaired by shell and emission color 
of Er and Tm could combine together without quenching effect. In fact, the CSS 
structure offers more advantages besides the above mentioned two. Due to the 
saturation effect of Yb ions, it cannot be doped in high level to get strong 
55 
upconversion fluorescence, but Yb ions are essential for converting the radiation 
energy to excited photon energy. Faced with this dilemma, CSS structure provides the 
solution. More Yb can be assigned in middle layer to absorb energy and later on 
transfer the energy to emitter ions, but without suppressing their emission.  
Emission spectra and optical images are shown in Fig. 4-6 to demonstrate the 
feasibility of color tuning. For different CSS samples, the total amount of chemicals 
used for each layer was set to be constant so that the thickness of each layer and the 
size of the final CSS UCNs are comparable. In core-shell UCNs, it is difficult to raise 
Tm emission to high intensity with respect to Er even after changing the ions ratio. 
The reason is that the optimal Tm concentration for blue upconversion fluorescence 
was 0.3%.
40
 So it is hard to tune Tm emission within such low range. But for the CSS 
UCNs, Tm emission was highly increased without raising much amount of Tm ions 
(Fig. 4-6d). Fine tuning emission could be achieved by changing dopants in each shell 
together with adjusting the amount of reactant used for forming each shell. The 
spectra in Fig. 4-6g suggested that CSS structure bestowed another advantage on 
UCNs, which is much higher absolute fluorescence intensity than core-shell UCNs 
can be obtained. Different emission colors can be obtained with different emitter ions 






Figure 4-6. Optical images and spectra of multicolor emission UCNs. a, A:Yb,Er. (b) 
A:Yb,Tm. c, B: Er. d, A:Yb,Er@B:Tm@A:Yb,Tm. e, A:Yb,Tm@B:Er@ A:Yb,Er. f, 
A:Yb,Tm@B:Er@A:Yb,Tm. NaYF4 is defined as A, and NaYbF4 is defined as B. g, 
Spectrum change during CSS UCNs formation. 
4.2.3 Fluorescence of UCNs affected by core-shell-shell structure 
The fluorescence spectra of the CSS A:Yb,Er@B:Tm@A:Yb,Er nanocrystals are 








H6 transitions of Tm ions. The emission peaks at 409, 520, 541, and 

















I15/2, of Er ions.
143, 144
 The intensity of all the emission peaks was greatly 
enhanced as compared to the A:Yb,Er and A:Yb,Er@A:Tm nanocrystals. The 
fluorescence spectra shown in Fig. 4-7b are obtained by switching the NaYbF4 matrix 
to the outermost layer as opposed to being in the middle layer. The intensity of all the 
emission peaks of the CSS A:Yb,Er@A:Yb,Tm @B:Er nanocrystals is lower than that 
of the nanocrystal core and the core-shell nanocrystals. This implies that the position 
of the NaYbF4 matrix within the multilayered nanocrystal strongly influences the 
fluorescence intensity of the end product and the intensity of all the emission peaks 
decrease when a NaYbF4 matrix is at the outermost layer. 
g 
a       b        c      d   e       f
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Figure 4-7. Fluorescence spectra of the core UCN, core-shell UCN and CSS UCN. Peaks 
highlighted in gray are Tm emission. 
 
To illustrate that the decrease in the fluorescence intensity is solely due to the NaYbF4 
matrix at the outermost layer, NaYF4:Yb,Er nanocrystals were coated with a layer of 
NaYbF4 matrix. Fig. 4-8 shows the fluorescence spectra of the NaYF4:Yb,Er 
nanocrystals before and after the layer of NaYbF4 matrix is coated over it. The 
intensity of all the emission peaks decreased after the nanocrystals were coated with a 
layer of NaYbF4 matrix. This clearly illustrates that the decrease in the fluorescence 
intensity is due to the layer of NaYbF4 matrix at the outermost layer. The decrease in 
the fluorescence intensity could be attributed to the strong absorption of NIR light by 
Yb
 
ions in the NaYbF4 matrix. This can explain for the decrease in the fluorescence 
intensity when a NaYbF4 matrix is at the outermost layer of the CSS nanocrystals. 
Within the NaYbF4 matrix, the Yb
 
ions absorb the NIR light but the energy is not 




ions in the inner layers of nanocrystals. 
Although the upconverting ions such as Er or Tm ions can be excited directly by the 
NIR light, they exhibit low absorption cross-section in the NIR region. The absorption 
cross-section of Yb
 
ions in the NIR region is ten times larger than that of Er or Tm 
ions.
60, 146
 The absence of energy transfer from Yb ions to Er and Tm ions, together 
with the low absorption cross-section of the Er and Tm ions in the NIR region , results 
a b 
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in negligible contribution towards the overall fluorescence intensity of the nanocrystal 
from the Er or Tm ions in the inner layers. The NaYbF4 matrix on the outermost layer 
functions as an effective energy shield for the inner layers of the nanocrystals. 
Therefore, the amount of NIR excitation energy that is able to reach the inner layers 
of the nanocrystals is greatly reduced, resulting in the decrease in the fluorescence 
emission from the inner layers of the nanocrystals.  
 
Figure 4-8. Fluorescence spectra of the core UCN and core-shell UCN. 
 
In the design of CSS structure, the middle B matrix layer is divided into three parts 
according to its role, as shown in Fig. 4-1 with dashed lines. The two sub-layers next 
to the core and outmost layer have enhancing effect to the overall emission, and the 
middle sub-layer has shielding effect to the inner core emission. To validate this 
assumption, core-shell nanostructures with different component were manufactured. 
When comparing fluorescent intensity between two types of core-shell UCNs with the 
same amount but different matrix shell prepared under the same condition, the A 
matrix shell with 20 mol% Yb UCNs was found to be almost 15 times higher than the 
one with B matrix shell UCNs (Fig. 4-9a) while their average size measured with 
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DLS was almost the same (data not shown). When the shell-to-core total ion mole 
ratio was decreased to 0.5 and further to 0.2, the fluorescent intensity kept increasing 
but never reached to the core intensity level (Fig. 4-9b). The results suggest that the B 
matrix layer with dominant amount of Yb ions shielded the fluorescence from its 
inner core. On the other hand, the A matrix layer with optimal amount of Yb ions 
enhance the fluorescence. The enhancement has been well studied
87, 140, 145
 and is a 
result of surface defect reparation and particles isolated from solvent molecules 
vibration. 
 
Figure 4-9. (a) UC emission of UCNs with different shell coating. (b) UC emission of UCNs 
with different thickness B shell coating.  
 
The quenching could be attributed to the fact that the emission of Er in the NaYbF4 
shell was suppressed. The energy conversion efficiency from radiation source to 
nanoparticles depends on Yb concentration before it is saturated.
147
 Beyond the 
saturation point, the high Yb concentration lead to shorter distance between Yb and 
Er/Tm, resulting in energy back transfer from Er to Yb.
115
 Thus, even though the shell 
repaired the surface defect of the core, it did not positively contribute to, but 
decreased, the emission of the core-shell UCNs. After the second shell was added 
onto the core-shell UCNs, the absolute fluorescence intensity of CSS UCNs was 
enhanced and exceeded the core itself emission (Fig. 4-10). The enhancement can be 
a          b 
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attributed to two reasons. Firstly, surface defect on the first shell was repaired by the 
second shell and surface defect on core was repaired by the first shell. Secondly, Yb 
ions in the middle layer gather and transfer energy to the emitter ions in its adjacent 
layer. Therefore, the NaYbF4 shell thickness should be well engineered to repair the 
surface defects on core and serve as a reservoir to absorb and transfer energy to both 
inner and outer without suppressing core emission.  
 
Figure 4-10. Emission spectra of UCNs with same matrix core-shell UCNs. 
 
After understanding the mechanism behind the increase and decrease in the 
fluorescence intensity of the multilayered nanocrystals, the nanocrystals with multiple 
color output are synthesized such that a layer of NaYbF4 matrix is sandwiched in 
between two layers of NaYF4 matrix. Multicolour nanocrystals can be produced by 
varying the pattern of lanthanide doping for the various layers of the nanocrystals.  
4.2.4 Role of each layer for the overall emission  
The role of each layer playing for the overall emission was also studied. When the B 
matrix was placed in the outmost layer, the emission was quenched compared to prior 
core-shell formation. The quenching was attributed to the excess Yb ions absorbing 
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excessive energy without efficiently transferring to the core. The emission profiles of 
two types CSS UCNs with the same shells but different core (doped and pure A 
matrix core respectively) were compared in Fig. 4-11a to illustrate the role of core to 
the overall emission. It was found that the emission profiles of this group were similar 
but the fluorescence intensity of UCNs with non-doped core was about 10 times 
weaker than the counterpart. This indicated that the inner core plays an important role 
to overall emission. It is also referred that the energy absorbance and fluorescence 
emission from the inner core were not blocked by the two shells at all, even though 
the concentration of Yb in the middle layer was very high. It cleared the doubt that the 
high concentration of Yb in the middle layer absorbs emission inside and outside. 
In the next, the influence of dopants in middle layer and outmost layer to the emission 
spectra were also studied. To probe the role of dopants in middle layer to the overall 
emission intensity and profile, two types CSS UCNs with the same core (A:Yb,Er) 
and outmost layer (A:Yb,Em) but different dopants in the middle layer matrix was 
examined with a spectrometer (Fig. 4-11c). The dopant contained in B matrix in the 
middle layer added more than one fold of its typical emissions to the overall emission 
intensity. The contribution of outmost layer to the overall emission was investigated 
with two types CSS UCNs with the same core (A:Yb,Er) and middle layer (B:Tm) but 
different outmost layer. Fig. 4-11d showed that the typical Er emission around 550 
nm and 650 nm were obviously enhanced for A:Yb,Er coating contrast to A:Yb,Tm 
coating. Compared with the core and middle layer, the outmost layer had the least 
impact on the whole emission. This finding was observed as the third outmost layer 
was thinner compared to the two inner layers. Hence, seeing the emission of each 
layer separately, the outmost layer had the weakest influence on the spectra among the 
three layers. 
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Figure 4-11. Spectra comparison between different CSS UCNs. (a) Core-shell UCNs versus 
(inactive core)-shell-shell UCNs. Spectra normalized to 360 nm peak. (b) CSS UCN versus 
active and inactive core respectively. (c) CSS UCNs with different dopants in middle B 
matrix layer. (d) CSS UCNs with different dopants in outmost A matrix layer. 
4.3 Experiment and Methods 
4.3.1 NaYF4 core UCNs Synthesis 
All the chemicals were purchased from Sigma-Aldrich and used without further 
purification. NaYF4: 20%Yb, 2%Er (or 0.3%Tm) nanocrystals were synthesized 
following the protocols reported previously with modification.
138, 145
 0.8 mmol YCl3, 
0.20 mmol YbCl3 and 0.02 mmol ErCl3 (or 0.003 mmol TmCl3) were mixed with 6 ml 
oleic acid and 15 ml octadecene in a 50 ml flask. The solution was heated to 150 °C to 
form a homogeneous solution, and then cooled down to room temperature. A solution 
of 4 mmol of NH4F and 2.5 mmol of NaOH in 10 ml of methanol was added into the 
flask and stirred for 30 min. Subsequently, the solution was slowly heated to remove 
the methanol, degassed at 100 °C for 10 min, and then heated to 300 °C and 
a      b 
c              d 

































maintained for 1.5 h under Argon protection. After the solution was cooled naturally, 
nanocrystals were precipitated from the solution with acetone, and washed with 
ethanol/water (1:1 v/v) for three times. After washing, the nanocrystals were 
dispersed in cyclohexane for further use. 
4.3.2 NaYF4@NaYbF4 core-shell UCNs Synthesis 
1 mmol YbCl3, and 0.02 mmol ErCl3 (or 0.003 TmCl3) were mixed with 6 ml oleic 
acid and 15 ml octadecene in a 50 ml flask. The solution was heated to 150 °C to form 
a homogeneous solution, and then cooled down. The solution of the core nanocrystals 
in cyclohexane obtained from the previous step were added to the flask. The solution 
was maintained at 70 °C so as to remove the cyclohexane solvent and subsequently 
cooled down to room temperature. A solution of 4 mmol of NH4F and 2.5 mmol of 
NaOH in 10 ml of methanol was added into the flask and stirred for 30 min. Then, the 
solution was slowly heated to remove the methanol and followed by degassing at 100 
°C for 10 min. Subsequently, the solution was heated to 300 °C for 1.5 h under Argon 
protection. After the solution was cooled down, nanocrystals were precipitated from 
the solution with acetone, and washed thrice with ethanol/water (1:1 v/v). After 
washing, the AB nanocrystals were dispersed in cyclohexane for the next layer 
coating. 
4.3.3 NaYF4@NaYbF4@NaYF4core-shell-shell UCNs Synthesis 
0.8 mmol YCl3, 0.20 mmol YbCl3 and 0.02 mmol ErCl3 (or 0.003 mmol TmCl3) were 
mixed with 6 ml oleic acid and 15 ml octadecene in a 50 ml flask. The solution was 
heated to 150 °C to form a homogeneous solution, and then cooled down. The core-
shell AB nanocrystals in cyclohexane solution were added to the flask. The solution 
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was maintained at 70 °C to evaporate off the cyclohexane and then cooled down to 
room temperature. A solution of 4 mmol of NH4F and 2.5 mmol of NaOH in 10 ml of 
methanol was added into the flask and stirred for 30 min. Subsequently, the solution 
was slowly heated to remove the methanol, degassed at 100 °C for 10 min, and then 
heated to 300 °C for 1.5 h under Argon protection. After the solution was cooled 
down, nanocrystals were precipitated from the solution with acetone, and washed with 
ethanol/water (1:1 v/v) for three times. After washing, the CSS ABA nanocrystals 
were obtained. 
4.3.4 Instrumentation 
The morphology of the nanocrystals was examined by using a JEOL JEM2010 
transmission electron microscope (TEM) operating at an acceleration voltage of 100 
kV. The size distribution statistics were measured with a Malvern zetasizer nano 
series. X-ray powder diffraction (XRD) measurement was carried out by using a 
Bruker D5005 X-ray diffractometer furnished with Cu K radiation (= 1.54406 Å) 
under 40 kV. The XPS was performed with an Omicron EA125 analyzer equipped 
with 300 W Mg source x-ray anode at 1253.6 eV. Fluorescence spectra of 1 wt % 
UCNs with different layers were recorded on a Hitachi F-500 fluorescence 
spectrophotometer equipped with a NIR continuous wave laser with emission at 980 
nm. All the spectra were measured at constant excitation power density 7.5 w/cm
2
. 
Optical images were taken by a commercial camera without any filer.  
4.4 Conclusion 
Multilayered nanocrystals with a CSS structure, in which a layer of NaYbF4 matrix is 
sandwiched in between two layers of NaYF4 matrix, were prepared. The average size 
of the CSS UCNs was less than 50 nm with narrow size distribution. The Yb ion-rich 
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layer NaYbF4 enhanced fluorescence intensity by efficiently absorbing energy and 
then transferring the energy both inside and outside. Coincidently, NaYbF4:Er in the 
middle layer has overall red emission. Based on the RGB color model, any desired 
emission color can be obtained with this CSS UCNs by varying the pattern of 
lanthanide doping for the various layers of the nanocrystals. These nanocrystals emit 
strong NIR-to-visible upconversion fluorescence upon excitation at a wavelength of 
980nm. As opposed to the Tm/Er co-doped NaYF4 nanocrystals in which the 
fluorescence of the Tm and Er ions was quenched, remarkable enhancement in the 
intensity for all the emission peaks was observed. The roles of each layer in the CSS 
structure to the overall emission were studied individually. The outmost layer had 
least impact on the emission profile. Multicolour upconversion fluorescent 
nanocrystals are produced by changing the pattern of lanthanide doping for the 
various layers of the nanocrystals. These multicoloured nanocrystals will be very 
useful for multiplex bioimaging and biodetection studies. 
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Chapter 5.  Cells imaging with multicolor emission UCNs  
5.1 Introduction 
After studying the fluorescence property of UCNs, the multicolor UCNs were used 
for imaging of cells to demonstrate their bio-application potential. Since the as-
synthesized UCNs were hydrophobic, hydrophilic treatment should be done before 
applying them in in vitro or in vivo biological studies. If the UCNs are used for 
targeting studies, conjugation should be carried out to bring UCNs and targeting agent 
together. Strategies to solve the above mentioned problems are discussed in this 
chapter. Cytotoxicity of UCNs was tested with MTS assay to illustrate their potential 
in in vivo study. After functionalization of UCNs, they were used for continuous 
imaging of cells for 6 hours. Multiplex detection of surface markers and α-tubulin in 
the cells were done with the multicolor UCNs.  
5.2 Modification of UCNs for cell imaging  
5.2.1 Functionalization of UCNs 
The newly synthesized UCNs could only disperse in non-polar solvent, since they 
were synthesized in non-polar solvent. For further applications, surface modification 
should be carried out. Inorganic silica is chosen for surface modification because 
ligands with high energy C-H or C-C vibrations quench fluorescence for nearby 
lanthanide ions. The silica layer provides several advantages for fluorescence 
bioassay development. Firstly, silica coating increases the chemical stability of 
nanoparticles. Secondly, silica coating enhances the dispersibility of nanoparticles in 
assay buffers, prevents aggregation and reduces non-specific binding. Thirdly, silica 
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surface is well characterised and can be easily modified with different biologically 
active functional groups.148 Last but not least, silica is bio-inert. 
Silica coating on UCNs is followed by a one-step microemulsion method reported 
earlier.
44
  TEOS (Tetraethyl orthosilicate) was used to form a thin amorphous silica 
layer.  TEOS itself can assemble onto the nanocrystals and form a netted texture to 
encapsulate the core as shown in Fig. 5-1.  


































Figure 5-1. Silica coating via cross-linking reaction of TEOS. 
 
Functional groups like amino and carboxyl groups can also be introduced using this 
method with different silane. APTES (Aminopropyltriethoxy Silane) can be used to 
form a continuous silica shell with amino group on the surface, and carboxyethyl 
silane triol sodium salt can be used for carboxyl group. The structure of silane is 
shown in Fig. 5-2. 
    
Figure 5-2. Silanes for UCNs surface modification and functionalization 
 
The APTES itself could not form a complete shell layer as the amino groups act as 
spacers when they are reduced. A silica shell with amino group is formed together 




















formed, wherein TEOS acts as a spacer to reduce the repulsion between amino groups 
from two adjacent APTES. Similarly, carboxyethyl silane triol sodium salt and TEOS 
were used for COOH group functionalization. A schematic drawing is given in Fig. 5-
3 to illustrate the structure of the core/shell with amino groups. 
 
 
Figure 5-3. Schematic representation of functionalization of UCNs core with amino group 
 
After silica coating, the nanocrystals were dispersed in polar solvent (such as DI water 
and PBS) with good chemical and photochemical stability. The morphology of amino 
group functionalized UCNs was checked by TEM. A uniform layer of 2~3 nm shell of 
silica was observed on the UCNs (Fig. 5-4 a). The fluorescence of amino group 
functionalized UCNs in clear colloidal water solution was recorded by fluorescence 
spectrometer. The spectra indicate that the fluorescence was quenched after coating. 
The quenching could be attributed to alteration of solvent. Before coating, 
nanoparticles were hydrophobic and dispersed in non-polar circumstance. After 
transferring to hydrophilic solvents, the vibration of H2O and silane attached on 
particle surface decreased the emission of UCNs. It was observed that the peak at 345 
nm has decreased considerably than other peaks. This is because SiO2 has a stronger 
absorption in the short wavelength area.
149
 The silica coated UCNs with TEOS were 
very stable in DI water. The colloidal solution was very clear without precipitation as 
fresh one up to six month. Most importantly, the fluorescence did not quench at all. 
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However, amino group functionalized aggregated after several days. This is because 
the system was out of equilibrium caused by hydrolysis of amino group in water.  
 
 
Figure 5-4. (a). TEM image of amino group functionalized silica coated NaYF4:Yb/Tm 
UCNs. (b) Spectrum of NaYF4:Yb/Tm before (in cyclohexane) and after (in water) surface 
modification.  
 
5.2.2 Molecular conjugation of UCNs 
The biological molecules, such as protein, antibody and nucleic acid, usually contain 
amino group or carboxyl group. The covalent cross-linking reactions between 
functionalized UCNs and biomolecules are normally carried out with the assistance of 
NHS (or Sulfo-NHS) and EDC to enhance the coupling efficiency. NHS-EDC 
reaction is a zero-length conjugation method. NHS is used to prepare amine-reactive 
esters of carboxylate groups for chemical labeling, crosslinking and solid-phase 
immobilization applications. Carboxylates (-COOH) can react with NHS or Sulfo-
NHS in the presence of a carbodiimide such as EDC, resulting in a semi-stable NHS 
or Sulfo-NHS ester, which can then react with primary amines (-NH2) to form amide 
crosslinks (Fig. 5-5). The activation reaction with EDC and Sulfo-NHS is most 
efficient in the range of pH 4.5-7.2. If the intended conjugation part is -COOH group 
of antibody, UCNs should be modified with amino group, and vise versa. 
 




Figure 5-5. Cross-link reaction with the aid of NHS-EDC.
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 (From ThemoScientific) 
 
5.3 Cytotoxicity assessment and cell imaging with UCNs 
The cytotoxicity of UCNs was assessed by the MTS assay, which is a colorimetric 
method for determining the number of viable cells. The tetrazolium compound MTS, 
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium inner salt, is bioreduced by metabolically active cells into a colored 
formazan product that is soluble in tissue culture medium. Their absorbance at 490 
nm is directly proportional to the number of living cells in culture. To assess the 
cytotoxicity of UCNs, the viability of HT29 (Human colon adenocarcinoma grade II 
cell line), MCF7 (Human breast adenocarcinoma cell line) and MB49 (Murine 
bladder cancer cell line) cells incubated with the silica coated UCNs with different 
concentrations was measured by the MTS assay. For the assay, 20 μl MTS reaction 
solution was directly added to each sample and then the samples were incubated for 
24 h in the CO2 incubator at 37 °C. The results (Fig. 5-6a&b) showed that more than 
80% of the HT29 and MCF7 cells remained alive after 24 h of incubation with 80 
g/ml UCNs, and more than 90% MB49 cells remained alive up to with 100 g/ml 
UCNs 24 h incubation. 
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Confocal microscopy is a technique for obtaining high-resolution optical images with 
depth selectivity. It is capable of acquiring in-focus images from selected depths by 
point illumination and using a spatial pinhole to eliminate out-of-focus light in 
specimens that are thicker than the focal plane. Images acquired point-by-point are 
reconstructed with a computer. So it increases optical resolution of fluorescent 
imaging. The optimal UCNs concentration for imaging should not be lower than the 
detection limit of the instrument but also not so high that disturbance background 
signal is generated. It is hard to get rid of the excessive UCNs introduced into the 
system, which decrease the sensitivity of detection. After MB49 cells incubated with 
50 g/ml silica coated UCNs for 24 hr, the cells were fixed and viewed under 
confocal microscope with 500 mW 980 nm laser radiation. The confocal images are 
shown in Fig. 5-6c. Fluorescence from the nanocrystals was observed in the cells with 
a high signal-to-background ratio, indicating a high uptake of these nanocrystals by 
the cells. The nanocrystals were mainly located at the cytoplasmic and the perinuclear 
regions. It can be seen that 50 g/ml was still quite enough to obtain a sensitive 
signal. Together with MTS assay results, it can be concluded that UCNs can be used 






Figure 5-6. Cell viability of (a) HT29 and MCF7 cells and (b) MB49 cells incubated with 
different concentrations of NaYF4:Yb,Er @SiO2 nanoparticles for 24 h tested by MTS assay. 
(c) Images of confocal microscopy of MB49 incubated with 50 g/ml NaYF4:Yb,Er @SiO2 
for 24hrs with 500mW 980nm laser radiation.  
 
5.4 Cell surface receptor staining with antibody conjugated UCNs 
In vitro cell imagings were carried out to show the potential of the multicolour UCNs 
in multiplex bioimaging. One type of multicolor UCNs (A:Yb,Tm@B:Er@A:Yb,Tm) 
was used to monitor Her2 receptor on live SKBR3 cell continuously for 6 hours to 
show UCNs’ capacity and stability for long term monitoring of targets. Simultaneous 
surface marker and α-tubulin staining on 3T3 cells were carried out to show UCNs 
a            b 
c 
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potential application for in vitro multiple antigen recognition as shown in Fig. 5-7. 
Multicolor UCNs were used to stain two surface receptors (Her2 and BMPR2) on 
SKBR3 cell and two surface receptors (BMPR2 and PDGFR) plus α-tubulin of NIH-
3T3 cell respectively.  
 
Figure 5-7. Schematic illustration of multiple staining cell surface receptors and α-tubulin 
with multicolor UCNs 
 
Her2 surface receptors are expressed in different levels on cell membrane of SKBR3 
and MCF7 cell. The expression level in SKBR3 is much higher than that in MCF7. 
Therefore, they were used to test the specificity of UCNs staining. Anti-Her2 antibody 
was covalently conjugated to carboxyl group functionalized UCNs. The qualitative 
confirmation of antibody-UCNs conjugation was done with the assistance of 
secondary antibody to Her2 antibody. The secondary antibody was labeled with 
AF488 and incubated with SKBR3 cell stained by Her2 antibody-UCNs. After 
washing away unbounded antibody, the sample was viewed under confocal 
microscopy. It found that the signal of AF488 from secondary antibody matches with 
UCNs signal very well. The amount of Her2 antibody conjugated with UCNs was 
measured by modified Bradford assay with antibody as self-reference. The results 
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showed that 26.3252±0.003 g/ml Her2 antibody was conjugated on 0.005 mmol 
UCNs. 
As shown in Fig. 5-8, SKBR3 cell surface was uniformly labeled with UCNs. DAPI 
(4',6-diamidino-2-phenylindole) staining of nuclei was used to show the staining is on 
the shell. The outline of cell surface indicated by concanavalin A-Alexa fluor 488 
merged very well with UCNs staining. In contrast, specific staining on MCF7 control 
cells was much lower in quantity. The silica coated UCNs without antibody 
conjugation was incubated with SKBR3 cell at same condition and for same time. 
After washing away the un-uptaken UCNs, no profound UCNs signal appeared in the 
sample when it was checked under confocal microscopy. The results showed that 
UCNs staining was very specific. 
After taking fluorescent confocal images, one cell was focused and monitored 
continuously for 6 hours. During this period, the cells were kept alive by keeping 
warm at 37 °C with a heating pad. The recorded video showed that UCNs emission 









Figure 5-8. Confocal image of SKBR3 and MCF7 cells labeled with Anti-Her2-UCNs 
(A:Yb,Tm@B:Er@A:Yb,Tm). The first two rows are SKBR3 cells and the last two rows are 
MCF7 cells as control. The left and middle columns are cell images from UCNs and DAPI 
staining respectively. UCNs and DAPI merged images are shown in right column. 
 
The ability of UCNs in multiple staining was also explored. Two types of surface 
receptor (BMPR2 and PDGFR-α) and α-tubulin on 3T3 cells were stained 
simultaneously. Beforehand, single staining was carried out to gauge the feasibility of 
staining and the quantity of the receptors. CSS UCNs (A:Yb,Tm@B:Er@A:Yb,Tm), 
UCN fluorescence  DAPI        merge 
g      h           i 
j              k          l 
d      e           f 
a       b           c 
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UCNs (A:Yb,Tm) and CSS UCNs (A:Yb,Er@B:Tm@A:Yb,Tm) were conjugated to 
antibody against BMPR2, PDGFR-α and α-tubulin respectively. Confocal images 
(Fig. 5-9) were taken after 3T3 cell incubated with UCNs-antibody complex. Since 
emission of UCNs (A:Yb,Tm) used for staining PDGFR is blue color, DAPI emission 
was changed to pseudo yellow color. Confocal images in Fig. 5-9 showed that 





Figure 5-9. Confocal imaging of 3T3 cells. Fluorescent images of 3T3 cells stained with 
antibody-UCNs conjugates. Top row: anti-BMPR2-UCNs-(A:Yb,Tm @B:Er@A:Yb,Tm), 
middle row: anti- PDGFR-α-UCNs-( A:Yb,Tm) and bottom row: anti-α-tubulin-UCNs-
(A:Yb,Er@B:Tm@A:Yb,Tm).Left column: UCNs emission, middle column: DAPI staining, 
of which the color in middle row is changed to yellow to distinguish from UCNs emission, 
right column: UCNs and DAPI merged images.  
 
Double staining was first done with SKBR3 live cells. UCNs (A:Yb,Tm@B:Er@ 
A:Yb,Tm) and UCNs (A:Yb,Tm) were conjugated to Her2 and BMPR2 antibody 
UCN fluorescence  DAPI   merge 
a              b          c 
d              e          f 
h              i          j 
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respectively to label corresponding surface receptors. Confocal image (Fig. 5-10) of 
double labelling in 2D channel mode could separate the fluorescent image to original 
color, blue-445 nm, green-525 nm and red-640 nm. Each type of UCNs has a 
characteristic emission profile. According to the peak ratio of UCNs spectrum, each 
color was assigned to one type of UCNs. Thus, the corresponding surface receptor can 
be recognized. In Fig. 5-10b, red color represents Her2 receptor and blue color 
represents BMPR2 receptor.  
 
Figure 5-10. Confocal images of SKBR3 cells. (a)UC emission from SKBR3 cells 
counterstained with anti-Her2-UCNs-(A:Yb,Tm@B:Er@A:Yb,Tm) and anti-BMPR2-UCNs-
(A:Yb,Tm). (b) Color separated UC emission to show the position of Her2 receptor (red) and 
BMPR2 receptor (blue) on SKBR3 cells. The right bottom is DAPI staining (pseudo color). 
(c) UCNs and DAPI merged image to indicate the accuracy of staining. 
 
Double staining was also done with 3T3 live cells. Confocal images (Fig. 5-11a-c) 
showed the staining of BMPR2 receptor (red) and PDGF receptor (blue). Then, the 
3T3 cells were fixed with paraformaldehyde for α-tubulin staining. In Fig. 5-11e, blue 
color showed α-tubulin staining. The results showed that multicolor UCNs are 
capable of multiple labeling. 
 




Figure 5-11. Confocal images of SKBR3 and 3T3 cell dual staining and 3T3 cells triple 
staining. (a) UC emission from 3T3 cells counter staining BMPR2 and PDGFR-α surface 
receptors with anti-BMPR2-UCNs-(A:Yb,Tm@B:Er@A:Yb,Tm) and anti-PDGFR-UCNs-
(A:Yb,Tm). (b) Color separated UC emission showing the position of BMPR2 receptor (red) 
and PDGF receptor (blue), and DAPI staining in pseudo color at the right bottom. (c) UCNs 
and DAPI merged image. (d) UC emission from 3T3 cells counterstained with anti-BMPR2-
UCNs-(A:Yb,Tm@B:Er@A:Yb, Tm), anti-PDGFR-UCNs-(A:Yb,Tm) and anti-α tubulin-
UCNs-(A:Yb,Er@B:Tm @A:Yb,Tm). (e) Color separated UC emission from BMPR2 surface 
receptors (red), PDGFR-α surface receptors (blue) and α-tubulin (green) and DAPI staining in 
pseudo color at the right bottom. (f) UCNs and DAPI merged image. 
 
5.5 Experiment and methods 
5.5.1 Silica coating on UCNs  
Synthesis of silica coated NaYF4 nanoparticles was done by the following protocol. 
CO-520 (0.25 ml), cyclohexane (4 ml) and NaYF4 nanocrystal in cyclohexane (1 ml, 
0.02 M) were added into a sealed bottle. Sonicate the mixture for 5 min and then 0.04 
ml ammonia (33 wt %) was added. Seal the bottle and shake fiercely to mix the 
solution thoroughly until a transparent emulsion formed. TEOS (10 l) was added 
into the transparent emulsion and stirred for two days at a speed of 60 rpm. Silica 
coated NaYF4 nanoparticles were precipitated by ethanol, and washed with 
a                  b                       c 
d                  e              f 
UCN fluorescence    2D channel and DAPI image       merge 
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ethanol/water (1:1 v/v) twice. After that the particles are hydrophilic and can be 
transferred stored in water. 
5.5.2 Modification of UCNs with amine and carboxyl group 
Amine and carboxyl group modified NaYF4 nanoparticles were synthesized followed 
by silica coating protocol with modification. For amine group, TEOS (5 l) and 
APTES (5 l) were added into the solution containing CO-520 (0.25 ml), cyclohexane 
(4 ml), NaYF4 nanocrystal in cyclohexane (1 ml, 0.02 M) and ammonia (33 wt%, 0.04 
ml). The solution was vigorously stirred for two days at a speed of 60 rpm. Product 
nanoparticles were precipitated by ethanol, and washed with ethanol/water (1:1 v/v) 
twice and then stored in water. Same amount of carboxyethyl silane triol sodium salt 
was replaced to APTES for carboxyl group modification with the same procedure. 
5.5.3 Cell culture  
HT29, MB49, MCF7 and NIH-3T3 cell line were obtained from American Type 
Culture Collection (ATCC, Manassas, VA, USA) and grown in Dulbecco's Modified 
Eagle Medium (DMEM) supplemented with 10 % FBS, 100 units mL
-1
 of penicillin 
and 100 g mL-1 of streptomycin, and maintained in a humidified, 5 % carbon dioxide 
(CO2) atmosphere at 37 °C. SKBR3 cells (ATCC, Manassas, VA, USA) were grown 
in McCoy’s 5A medium supplemented with 10 % FBS, 100 units mL-1 of penicillin 
and 100 g mL-1 of streptomycin, and maintained in a humidified, 5 % carbon dioxide 
(CO2) atmosphere at 37 °C.  
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5.5.4 MTS assay 
Cells treated with silica coated UCNs were incubated for 24 h before being assayed 
for cell viability. After incubation, the medium was replaced with 100ul fresh medium, 
and 20 l of CellTiter 96 AQueous One Solution (containing MTS and an electron 
coupling reagent PES, from Promega, Madison, WI, USA) was added. A triplet “no-
cell” control containing 100ul of culture medium and 20 l of One Solution were set 
up at the same time. The plate was placed in incubator for 4 hours. 60 l medium was 
transferred from each well to a 96-well plate, and absorbance was recorded at 490 nm 
with a 96-well plate reader. The average 490 nm absorbance of the “no-cell” control 
was subtracted from all other absorbance values to yield the actual absorbance. MTS 
assay results calculated as follows: [A]treated / [A]untreated 100; where [A]treated is the 
absorbance of silica coated UCNs sample and [A]untreated is the absorbance of the 
untreated sample. 
5.5.5 Uptake of UCNs into cells for imaging 
Cells were trypsinized with 0.05 % trypsin-EDTA for 5 min at 37 °C and then 
collected by centrifugation at 1000 rpm for 5 min. The cell pellet was resuspended in 
culture medium and differentially-loaded nanoparticles were then added into the cell 
suspension at an optimized extracellular concentration of 1500 g/ml. The mixture of 
cells and nanoparticles were then plated onto appropriate culture plates at a density of 
62,500 cells cm
-2
. Simultaneous cell attachment and uptake of nanoparticles into the 
cells were allowed to proceed by incubating them for 24 h at 37 °C in a humidified, 
5% CO2 atmosphere. After which, the old culture medium containing unbound and 
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non-internalized nanoparticles were discarded and the cells were washed twice with 
culture medium before they were replaced with fresh culture medium. 
5.5.6 Confocal imaging of nanoparticles loaded MB49 cells 
MB49 loaded with nanoparticles were fixed in 4% paraformaldehyde for 10 min at 
room temperature and then washed twice with 1x PBS for 5 min each. Nanoparticles 
loaded into the fixed cells were then visualized under a confocal laser scanning 
microscope (Nikon C1 Confocal) specially fitted with a continuous wave 980 nm 
laser excitation source at power of 500 mW.  
5.5.7 Antibody conjugation of UCNs 
UCNs were first carboxylated with carboxyethyl silane triol sodium salt. CO-520 
(0.25 ml), cyclohexane (4 ml) and ABA UCNs in cyclohexane (1 ml, 0.02 M) were 
added into a bottle followed by sonication. Then 0.04 ml ammonia (33 wt %) was 
added and the container was sealed and mixed thoroughly to form a transparent 
emulsion. TEOS (5 l) and carboxyethyl silane triol sodium salt (5 l) were then 
added into the solution, and then the solution was vigorously stirred for two days at a 
speed of 60 rpm. The product was precipitated by ethanol, and washed with 
ethanol/water (1:1 v/v) twice and then stored in water. 1ml of UCNs (2 mM) was 
activated with 1 µl 0.2 mg/µl NHS and 1 µl of 0.3 mg/µl EDC with vigorous shaking 
for 15 min. Activation buffer  was removed and topped up with fresh water. 20 µg of 
antibody solution (4 µg/µl) was added to the activated particles and incubated at 4 °C 
for 3 h. The particles were washed twice with water by centrifuging at 5,000 rpm for 5 
min. Re-suspended and stored in 1 ml DI water. 
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5.5.8 Staining Her2 and BMPR2 surface receptors of SKBR3 cells with UCNs  
SKBR-3 cells were cultured in McCoy5A culture medium with 10% FBS and 1% 
Penicillin/Streptomycin (P/S) and trypsinized. Further trypsinization was inactivated 
with serum-containing medium. The cells  were spun down by centrifugation at 
1000rpm for 5 min. Discarded supernatant and resuspended in McCoy5A+10% 
FBS+1% P/S. Cells were counted. 40,000 SKBR3 cells were aliquoted into one well 
of 8-well chamber slide with 300 µl culture medium. After the cells were seeded, it is 
incubated with 1w/v% BSA for 1 h to block unspecific bonding sites. Subsequently, 
4.8 µl of 0.02 M anti-Her2-UCNs were added into each well and incubates at 37 °C 
for 3 h. Then the nucleus was stained with 30 µl of 0.2 mg/ml DAPI and incubated for 
30 min at 37 °C. Plasma membrane was stained with 30 µl of 1 mg/ml Concanavalin 
A-Alexa fluor 488 and incubated for another 30 min at 37 °C. Cells were washed 
thrice with complete growth medium and imagining or video recording were carried 
on. As a control cell line, MCF7 was treated similar to SKBR3 cells. For double 
staining, 4.8 µl of 0.02 M anti-BMPR2-UCNs was added in to the cells at the same 
time with anti-Her2-UCNs. Remaining steps were same. UCNs used for staining Her2 
and BMPR2 were (A:Yb,Tm@B:Er@A:Yb,Tm), (A:Yb,Tm), respectively. 
5.5.9 Staining surface receptors and α-tubulin of 3T3 cells with UCNs  
3T3 cells were cultured in DMEM culture medium with 10% FBS and 1% P/S. 
60,000 cells/well were aliquoted with 500 µl culture medium  to a 24-well plate. After 
incubating the cells at 37 °C for overnight, 1 w/v% BSA was added and incubated 
with cells for 1 h to block unspecific bonding sites. Subsequently, 7 µl of 0.005 M 
anti-BMPR2-UCNs (final concentration 0.0486 mg/ml anti-BMPR-UCNs) and 50 µl 
of 0.02 M anti-PDGFR-α-UCNs (final concentration 1.3884 mg/ml anti-PDGFR-α-
83 
UCNs) were added and incubated at 37 °C for 4 h. Nucleus was stained with 0.3 µl of 
0.2 mg/ml DAPI (Sigma) followed by 30 min incubation at room temperature (RT). 
For α-tubulin staining, the 3T3 cells were fixed with 4 % paraformaldehyde and 
permeabilized the cells in 0.1 % Triton X-100 in PBS for 5 min at RT. Then, 100 µl 
of 0.02 M anti-α-tubulin-UCNs (final concentration 0.6942 mg/ml anti-α-tubulin-
UCNs) diluted in 300 µl of 1×PBS. After washing three times with 1×PBS, the 
sample was viewed under confocal microscope. UCNs used for staining BMPR2, 
PDGFR and α-tubulin were (A:Yb,Tm@B:Er@A:Yb,Tm), (A:Yb,Tm) and ( 
A:Yb,Er@B:Tm @A:Yb,Tm), respectively. 
5.5.10 Cell imaging of UCNs stained SKBR3 and 3T3 cells 
UCNs stained cells were visualized under a confocal laser scanning microscope 
(Nikon C1 Confocal) specially fitted with a continuous wave 980 nm laser excitation 
source. The images were taken at 500 mW laser power under constant color channel 
and gain settings for all confocal images.  
 
5.6 Conclusion 
Modification of UCNs for biological application had been explored. The freshly 
synthesized UCNs in nonpolar solvent were converted into hydrophilic by silica 
coating with TEOS. The silica shell bestowed biocompatibility to UCNs and made 
them chemically stable. With similar protocol of silica coating, function groups were 
added onto UCNs with different silane. Cytotoxicity of UCNs was very low in 
imaging capable range as assessed with different cell lines. MB49 cell imaging was 
done with a confocal microscope to show the potential of UCNs in cell imaging. 
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Multiple staining of cell surface marker with multicolor UCNs was carried on SKBR3 
and NIH-3T3 cells and the potential of cell imaging of UCNs were demonstrated. The 
results showed that it is possible to simultaneously stain different surface markers 
with multicolor UCNs. 
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Chapter 6. Conclusion and Future directions 
6.1 Conclusion 
The advent of upconversion nanoparticles (UCNs) is foreseen to overcome current 
limitations of conventional fluorescent material. The use of 980 nm NIR as an 
excitation light source gives it a competitive advantage as practically zero background 
visible fluorescence of the sample is generated due to lack of efficient endogenous 
absorbers in the NIR spectral range besides the fact that most biomolecules do not 
possess the upconverting property. Due to this ‘transparency’ in the NIR window, its 
use is anticipated to allow deep access
23
 to tissue specimens being investigated 
besides producing a high contrast due to the aforementioned nil autofluorescence 
background and reduced light scattering. When used in a multiplex detection set-up, 
cross-talking between excitation and emission lights can also thus be greatly reduced. 
Moreover, UCNs’ capability of multicolor emissions at a single 980 nm excitation 
wavelength allows simultaneous excitation of the different colors with ease. In 
addition, their inherent exceptional photostability feature coupled with low photo-
damage (NIR excitation light being generally harmless to biomolecules at low dose) 
to cells and delicate proteins makes them an attractive tool for long-term live cell 
imaging. It is therefore of great interest to harness the unique and superior optical 
properties of these UCNs for long term monitoring and imaging application.  
In this study, NaYF4 UCNs with alkaline ions doping were synthesized and tuning of 
their emission colors studied. Alkaline doping was employed to change both the 
fluorescence and crystal morphology of the nanocrystal. Here, the trend in the change 
in morphology, crystal phase and fluorescence of the nanocrystals with corresponding 
change in the amount of dopants added to it were analyzed and optimized to give 
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resulting UCNs of desired morphology and fluorescence. Next, CSS strategy was 
used to manipulate the color output of the UCNs. In this CSS design, the middle layer 
comprised of a NaYbF4 matrix that accumulatively absorbs the excitation energy and 
then transfers it to layers on either side for an improved fluorescence efficiency. By 
doping different emitters, different emission colors were obtained based on the RGB 
color model. Indeed, by this method, multicolored UCNs with strong emission 
intensity have been successfully synthesized in this study. Further surface 
functionalization of these UCNs with different antibodies to target multiple cell 
markers was also explored to demonstrate their feasibility for use in multiplex cell 
imaging and biomedical applications. Lastly, safety concern related to their use as a 
biological tool was also addressed in which it was shown that the cytotoxicity of these 
UCNs were low when cells were exposed to them for 24 h up to a concentration of 
100 g/ml UCNs.  
6.2 Future directions 
 
UCN’s highly unusual optical property makes it a novel group of fluorescent label 
that has opened a vast potential for its use in various applications. Despite the work 
done in this study that has favourably shown its feasibility as a multiplex bioimaging 
tool, it is not without its caveats. Further studies are thus warranted if its full potential 
as a bioimaging tool is to be exploited. For instance, precise position of a cell surface 
marker cannot be easily allocated by labeling with the currently available UCNs due 
to the large size of these labeling probes. Though several efforts
151-153
 have been made 
to derive small-sized UCNs, this was made at the expense of the particle’s 
upconversion fluorescence intensity since the upconversion process has a low 
quantum yield. Admittedly, there was also a limitation to the number of targets that 
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can be detected with the multicolored UCNs. As these UCNs display multi-peak 
emissions, (albeit having narrow peak widths), all the emissions superposed with each 
other such that it cannot be separated easily, thus imposing difficulty in subsequent 
signal analysis. 
Hence, the following could serve as a useful guideline in overcoming the 
abovementioned problems.  
1. Enhancing the quantum yield of UCNs 
Although attempts to enhance the upconversion fluorescence have been tried in 
several ways, such as repairing surface defect by host matrix coating,
140, 154
 isolating 
the particles from circumstance by ligand dissociation
83
 and gold coating by plasma 
resonance,
27, 155, 156
 these strategies, including the ones reported in this thesis have not 
been able to reach the mechanism of upconversion. It is thus essential to explore 
upconversion emission at the mechanical level for a holistic solution. 
2. Fabricating single peak emission UCNs 
Highly sensitive multiplex imaging or detection requires that the signal obtained be 
easily distinguished. In view of this, difficulty in separating the superposed 
fluorescence posed by current UCNs displaying multi-peak emissions could be 
overcome with UCNs that has simple emission profile. As the peak emission width of 
UCNs is narrow, emission signals could easily be assigned to an analyte if they are 
labeled with such single peak emission UCNs. 
Indeed, it is undeniably worthwhile to pursue the above discussed efforts in 
improving the optical property of UCNs for they hold several highly attractive merits 
over conventional down-conversion fluorescence materials (as discussed in Chapter 
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1) that can tremendously improve the current system as well as extend their 
applications to wider-ranging fields. Extended application of the current study may 
include multiplex detection of different bacteria with multi-colored UCNs using a 
micro-device that has UCNs encoded micropatterning substrate. UCNs can be 
incorporated into microbeads to form a unique fluorescence barcode. These beads can 
be conjugated to targeting molecule and then patterned on the microdevice. As there 
is no cross talking between conventional dyes and UCNs, the analytes can be labeled 
with these dyes. The result output detected can then be decoded by the recorded 
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